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ABSTRACT 
The program objective is to investigate the deformation processes 
involved in forging of polycrystalline oxide ceramics. A cciixhation 01' 
mechanical testing and forging experiments were preformed on fine-grainec 
A1203 
The combination of mechanical tests and microstructural evaluation 
indicated that at very fine ;grain sizes the deformation mechanism occurs 
by a non-Newtonian main boundary sliding process. 
considerable evidence was found for a substantial contribution of basal 
slip to the grain shape accommodation process. 
was found at inhomogeneities in the specimens; the appearance and growth of 
these cracks was more rapid at higher strain rates and stresses. 
In addition, 
Preferential crack formatioil 
The results of several forgings combined with the mechanical tests 
support the view that there is sufficient ductility in fine-mained A1203 
to to allow forging at moderate temperatures. 
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I. IPJTRODUCTION 
There have been seve ra l  investigations i n t o  t h e  hot working of 
c r y s t a l l i n e  ceramic oxides i n  the last  seve ra l  years.  
t hese  have been moderately successful, t h e r e  a r e  s t i l l  s ign i f i can t  problems, 
which r e s u l t  i n  p a r t  from l imi ta t ions  i n  t h e  understanding 
temperature deformation and f rac ture  of t h e  oxides. 
of t h i s  program t o  inves t iga t e  the forg ing  of s eve ra l  r e f r ac to ry  po lyc rys t a l l i ne  
oxides, i n  order t o  provide a greater capab i l i t y  i n  the  defomat ion  
processing of them. Therefore, t he  p a r t i c u l a r  ob jec t ives  of t h e  program 
can be s t a t e d  b r i e f l y  as follows: 
Although seve ra l  of 
of t h e  high 
It i s  t h e  objec t ive  
1) Understanding of -tohe deformation and f r a c t u r e  behavior 
necessary f o r  forging polycrys ta l l ine  ceramic oxides, 
2 )  Successful forg ing  of flaw-free bodies with usefu l  
proper t ies ,  
3 )  The poss ib le  development of unique or  otherwise 
d i f f i c u l t  t o  ob ta in  properties a s  t h e  r e s u l t  of hot 
working. 
Hot forg ing ,  ex t rus ion  and r o l l i n g  have been u t i l i z e d  t o  da t e  by 
seve ra l  inves t iga tors .*  Successful extrusions of s eve ra l  oxides have been 
made by Hunt and co-workers a t  Nuclear Metals and with Rice of Boeing. 
Although crack-free extrusion of MgO and o ther  r e l a t i v e l y  d u c t i l e  oxides 
have been obtained, t h e  high s t r a i n  rates and r ap id  cooling r a t e  a r e  problems 
and have contributed, i n  p a r t ,  t o  t h e  f a i l u r e  t o  obta in  sound extrusions 
of t he  l e s s  d u c t i l e  materials such a s  A120 . Vasilos and co-workers2 a t  
Avco have demonstrated t h e  successful upse? forg ing  (press  forging) of many 
r e f r ac to ry  oxides, including several ,  such a s  ~ 1 2 0 3 ,  which have not been 
successfu l ly  extruded. 
forg ing  of A1203.3 
has been obtained i n  t h e  dens i f ica t ion  of MgO powder4 and with mater ia l s  
Promising r e s u l t s  have a l s o  been obtained i n  shape 
Hot r o l l i n g  has been more l i m i t e d  although some success 
containing a g lassy  phase.5 
carbides has been accomplished by Dolloff and Probst, and by Accary e t  a1.7 
I n  addition, t h e  e x t r u s i  n of r e f r ac to ry  
The r e s u l t s  of t h e  i n i t i a l  e f f o r t s  have been encouraging and have 
indicated t h a t  hot working should provide an  extension of present forming 
c a p a b i l i t i e s  and a l s o  can provide improved p rope r t i e s  i n  t h e  r e f r ac to ry  oxides. 
property improvements can be reasonably expected i n  a number of a reas  as a 
r e s u l t  of high density,  microstructural  and crys ta l lographic  texture and 
perhaps re ta ined  d i s loca t ion  substructure.  Moderate increases  i n  s t rength  
r e s u l t i n g  from ext rus ion  of MgOl and upset forg ing  of A12033 have been 
demonstrated. 
r e s u l t i n g  i n  transparency i n  a number of oxides .2 
from forging r e s u l t s  i n  transparency i n  ~12038 and i n  high values of magnetic 
permeabili ty i n  barium f e r r i t e s . 9  Although r e s u l t s  of t h i s  type a r e  
encouraging, s i g n i f i c a n t  problem areas such a s  l imi ted  d u c t i l i t y  and inadequate 
micros t ruc tura l  cont ro l ,  requi re  so lu t ions  i n  order  t o  make hot working more 
f e a s i b l e .  
Upset forg ing  has been used t o  obta in  t h e o r e t i c a l  dens i ty  
Crystallographic t e x t u r e  
* Good reviews of e f f o r t s  i n  the  hot y r k i n g  o f  ceramics can be 
found i n  t h e  a r t i c l e s  by R.W. Rice. 
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The approach of t h i s  program is  t o  perform controlled forg ing  
experiments on oxides and t o  evaluate t h e  r e s u l t s i n  terms of t h e  fundamental 
mechanical proper t ies  of these  mater ia l s .  These r e s u l t s  ?re then  t o  be 
used together with appropriate metalworking techniques t o  ind ica t e  t h e  
preferred forging techniques f o r  the oxides and t o  ind ica t e  t h e  e f f e c t s  of 
s t a r t i n g  materials on f o r g a b i l i t y .  Attention i s  a l s o  being given t o  
developing or maintaining des i rab le  microstructures and proper t ies  i n  t h e  
forged bodies. Although e x i s t i n g  information and da ta  on t h e  deformation 
and f r a c t u r e  of ceramics i s  u t i l i z e d  where it exis ts ,  t h e  ava i l ab le  information 
on deformation a t  high s t r a i n s  and on high temperature f r ac tu re  i s  r a t h e r  
incomplete. Therefore, bas i c  mechanical t e s t i n g  i s  required i n  conjunction 
with t h e  a c t u a l  forging. The i n i t i a l  emphasis has been on mechanical t e s t i n g  
using t h e  r e s u l t s  of previous forging e f f o r t s  t o  ind ica t e  the  necessary areas 
of i nves t iga t ion .  
The primary e f f o r t  i s  t o  be with A1203 and MgO s ince  these  a r e  a v a i l -  
ab l e  i n  high q u a l i t y  bodies and there  i s  considerable experience i n  f a b r i c a t i n g  
them, and comparative base- l ine  information i s  ava i l ab le  on p rope r t i e s  and 
microstructures r e s u l t i n g  from conventional f ab r i ca t ion  techniques. L i m i t e d  
consideration will be given t o  MgAl2O4 ( s p i n e l )  and o ther  compositions i n  
t h e  MgO-Al203 system t o  provide information about mixed oxides and multi-phase 
systems. 
The work done during t h e  f i r s t  year  was e n t i r e l y  with Al203. 
mechanical t e s t i n g  has been done i n  t h e  temperature range of 1250-1750°c 
i n  order t o  provide add i t iona l  ins ight  concerning t h e  deformation mechanisms 
and use fu l  data on the  y i e ld  stress and f r a c t u r e  s t r e s s .  Tests have been 
done t o  evaluate t h e  e f f e c t s  of temperature, s t r a i n ,  s t r a i n  r a t e  and gra in  
s i z e  on flow and f r a c t u r e .  The t e s t  r e s u l t s  have been coupled with micro- 
s t r u c t u r a l  examination t o  provide mechanistic i n s igh t s .  I n  addi t ion ,  a 
f e w  forgings w e r e  done t o  provide cor re la t ion  with t h e  t e s t i n g  and evaluation 
of some of t h e  forg ing  techniques t o  be used. 
and deep drawing of hemispheres were done. 
Extensive 
Both simple upset forgings 
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11. TECHNICAL APPROACH 
Much of t he  work t o  date  on t h e  hot working of ceramic oxides has 
necessar i ly  been of an empirical  nature.  
encouraging, t he re  has by now been enough work done t o  ind ica te  problem areas  
which must be given bas ic  consideration i n  order t o  allow a more sophis t icated 
approach t o  deformation processing of oxides and t o  t h e  development of 
desired proper t ies .  
discussed b r i e f l y ;  t h i s  i s  followed by a discussion of t he  various deformation 
modes which have been iden t i f i ed  as  important i n  polycrys ta l l ine  ceramics. 
F ina l ly ,  t he re  i s  an  ou t l ine  of the bas i c  approach t o  be used i n  the  program 
and an ind ica t ion  of t h e  a reas  of inves t iga t ion  which a r e  considered t o  be 
the  most promising. 
Although r e s u l t s  have been 
The most c r i t i c a l  areas  ha.ve been iden t i f i ed  and a r e  
A. Problem Areas 
Most of t h e  c r i t i c a l  problems can be divided i n t o  th ree  broad areas  
for consideration. The f i r s t ,  and most se r ious ,  i s  t h e  problem of hot 
t ea r ing ,  cracking and cavi ta t ion .  The second area  f o r  consideration i s  t h e  
r a t h e r  broad one of microstructural  cont ro l  r e s u l t i n g  from grain growth, s t r a i n  
induced boundary migration and r ec rys t a l l i za t ion .  
t h e  engineering and equipment problems associated with high temperature 
processing including chemical compatibil i ty,  t oo l ing  design, lubr ica t ion  and 
temperature control .  
The t h i r d  area includes 
The problems of l i m i t e d  formabili ty,  high r e j ec t ion  r a t e s  and micro- 
s t r u c t u r a l  degradation from flaws and cracks have been p a r t i c u l a r l y  severe 
i n  hot working t o  da te .  The appl icat ion of bas i c  metal  working technology 
i s  hampered by incomplete understanding of t h e  flow and f r ac tu re  mechanisms 
and of re l iable  data  on the  propert ies  of p a r t i c u l a r  oxides.  The use of 
a n a l y t i c a l  treatments of various forging problems i s  des i rab le  i n  order t o  
determine l imi t ing  conditions of stress or s t r a i n  and t o  determine use fu l  
modifications.  The use of these  a n a l y t i c a l  techni.ques requires  cons t i t u i t i ve  
flow re l a t ions  and quant i f ied f rac ture  c r i t e r i a .  Such information i s  not 
present ly  ava i lab le  f o r  the ceramic oxides f o r  t he  conditions of i n t e r e s t ;  
fu r the r ,  t he re  f requent ly  does not e x i s t  s a t i s f a c t o r y  mechanistic under- 
s tanding of behavior t o  allow sound q u a l i t a t i v e  judgements about some of 
these  problems. 
Although bas i c  deformation mechanisms have been iden t i f i ed  f o r  t he  
oxides, t he re  i s  s t i l l  considerable controversey concerning the  r e l a t i v e  
importance of various of them over broad ranges of temperature, s t r e s s  and 
s t r a i n .  Much of t h e  work has been done a t  low s t r a i n s  and t h e  behavior 
a t  higher s t r a i n s  has been generalized from t h i s  without adequate character-  
i z a t i o n  or j u s t i f i c a t i o n .  
necessary t o  provide more data  on t h e  e f f ec t  of microstructural  var iab les  
and tes t  variables on the  flow s t r e s s - s t r a i n  r e l a t i o n s .  
For the p a r t i c u l a r  mater ia l s  of i n t e r e s t .  i t  i s  
The high temperature f rac ture  of ceramics has received l e s s  a t t en t ion  
than y ie ld ing  behavior. 
involving f a i l u r e  t o  s a t i s f y  the  von Mises condition, requi r ing  f i v e  ac t ive  
s l i p  systems, has been observed, the broad conditions f o r  which t h i s  
condition dominates a r e  not ye t  c lear ,  espec ia l ly  for A1203. In te rgranular  
cracking has been frequent ly  observed under conditions where the  problem of 
Although f r ac tu re  associated with l i m i t e d  d u c t i l i t y  
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i n s u f f i c i e n t  s l i p  systems was not thought t o  be dominating. 
obvious embrittlement r e s u l t i n g  from weak o r  low temperature impurity 
phases has been f requent ly  iden t i f i ed ,  t h e  e f f e c t s  of smaller amounts of 
impur i t ies  within t h e  nominal s o l u b i l i t y  l i m i t s  a r e  not known. 
i s  t h a t  some of t h e  p o t e n t i a l  f a i l u r e  mechanisms have been i d e n t i f i e d ;  
however, t h e r e  does not ye t  e x i s t  a broad understanding of f a i l u r e  i n  
ceramic oxides which would include quan t i t a t ive  f r a c t u r e  c r i t e r i a  r e l a t i n g  t h e  
var iab les  of temperature, s t r e s s ,  s t r a i n  and s t r a i n  rate t o  micros t ruc tura l  
va r i ab le s .  
Although t h e  
The r e s u l t  
The type of information which must be made ava i l ab le  f o r  app l i ca t ion  t o  
forg ing  problems includes d e f i n i t i o n  of t h e  conditions under which d u c t i l i t y  
i s  t o o  l imi ted  t o  be use fu l ,  understanding of t h e  cause and prevention of 
gra in  boundary cracking and cavi ta t ion  which r e s u l t  i n  eventual hot t e a r i n g  
of t h e  mater ia l ,  determination of r a t e s  of s t r a i n  hardening and the  e f f e c t  
on neck r e s i s t ance  and f r a c t u r e ,  and f i n a l l y  t h e  e f fec t iveness  of high 
s t r a i n  r a t e  s e n s i t i v i t y  i n  providing r e s i s t ance  t o  necking or crack 
propagation. 
Grain boundary cav i t a t ion  appears t o  be one of t h e  most se r ious  
d i f f i c u l t i e s .  
and hemispheres of A1203 where in te rgranular  separa t ion  lowered t h e  dens i ty  
from near ly  t h e o r e t i c a l  t o  a s  low a s  60-65$,, but caused only very l i m i t e d  
macroscopic tear ing;  o ther  forg ing  of s imi l a r  pieces under nominally s imi l a r  
conditions r e su l t ed  i n  no l o s s  of density.3 The causes f o r  t h e  d i f fe rences  
a r e  not known, but cannot be simply wr i t t en  o f f  t o  l ack  of d u c t i l i t y .  This 
problem i s  p a r t i c u l a r l y  severe i n  tha t  small amounts of i n t e rg ranu la r  
cracking may be q u i t e  de l e t e r ious  t o  t h e  low temperature p rope r t i e s .  
Examples have been seen a t  Avco i n  t h e  shape forg ing  of cones 
The en t i r e  area of microstructural  cont ro l  during and a f t e r  deformation 
processing of ceramic oxides has not been adequately characterized. 
and ex t rus ion  of s ing le  c r y s t a l s  of MgO and CaO has r e su l t ed  i n  r e c r y s t a l l i z a -  
t i o n  t o  form polycrys ta l l ine  materials.’ I n  addi t ion ,  both r e c r  t a l l i z e d  
and unrecrys ta l l ized  AI203 have been produced by upset forging;lr  t h e  
u n r e c r y s t a l l i  zed ma te r i a l  having retained d i s loca t ion  networks and twins.  
I n  addi t ion ,  e f f e c t s  such as polygonizationll ,  recovery and apparent s t r a i n  
aging12 have been observed i n  t e n s i l e  s tud ie s  of MgO. Therefore, it should 
be poss ib le  t o  obtain a wide va r i e ty  of r e s u l t a n t  microstructures and 
proper t ies .  There i s ,  however, r e l a t i v e l y  l i t t l e  information concerning t h e  
exac t  conditions under which these  various phenomena occur and f requent ly  
r e l i a b l e  pred ic t ions  whether o r  not r e c r y s t a l l i z a t i o n  w i l l  occur cannot be made. 
Forging 
The problem of r e t en t ion  of extremely f ine  grain s i z e s  i s  p a r t i c u l a r l y  
bothersome because of gra in  growth a t  t h e  high temperatures necessary f o r  
adequate d u c t i l i t y ,  t h i s  i s  aggravated by t h e  f a c t  t h a t  con r r e n t  s t r a i n i n g  
may enhance growth r a t e s ,  p a r t i c u l a r l y  a t  low s t r a i n  rates.?’ This has been 
a problem i n  both upset forged AU032 and extruded Mgo’ i n  which grain s i z e s  
have not been obtained a s  f i n e  a s  can be produced by hot press ing .  Because 
of t h e  highly des i r ab le  p rope r t i e s  associated with f i n e  grained ceramics, 
t h i s  problem requi res  se r ious  a t t en t ion .  Both r e c r y s t a l l i z a t i o n  with grain 
refinement and lower temperature forging t o  produce unrecrys ta l l ized ,  f i n e  
grained mater ia l s  a r e  being considered. 
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The engineering problems associated with forging 8re  not expected t o  
be l imi t ing ,  although they require  continued a t t e n t i o n .  Graphite t oo l ing  
and modified hot pressing equipment a r e  l a rge ly  used; t h i s  imposes some 
r e s t r i c t i o n  on the  ava i lab le  pressures which can be u t i l i z e d ;  however, 
a l t e r n a t i v e  solut ions a r e  expensive. The most se r ious  l imi t a t ion  i s  
probably t h a t  of chemical reaction; however, techniques and separat ing media 
have been developed i n  hot pressing which a r e  useful ;  var ia t ions  i n  these  
can a l s o  r e s u l t  i n  some cont ro l  over t h e  d i e  face  f r i c t i o n .  Tool design i s ,  
of course, a s ign i f icant  area and techniques from metal working technology a r e  
being u t i l i z e d  t o  optimize t o o l  design; t h i s  i s  an  area where feedback 
between ana lys i s  of forging experiments and mechanical tes t  data  can be 
p a r t i c u l a r l y  valuable but r e l i a b l e  cons t i t u i t i ve  equations a r e  necessary f o r  
e f f ec t ive  ana lys i s .  
B. High Temperature Mechanical Behavior 
An extensive review of the  l i terature on deformation of ceramic oxides 
was undertaken with t h e  object ive of ident i fy ing  the  deformation modes and 
conditions which provide the  greatest  amount of u se fu l  d u c t i l i t y  and t o  gain 
as much information about high temperature f r ac tu re  mechanisms a s  possible;  
a b r i e f  summary i s  presented here.  
work with polycrys ta l l ine  mater ia l  so  t h a t  discussion of s ing le  c rys t a l s  
has been r e s t r i c t e d  t o  t h a t  which provides in s igh t  i n t o  t h e  behavior of poly- 
c r y s t a l l i n e  bodies.  The re f rac tory  oxides (polycrys ta l l ine)  display very 
l imited,  if any, d u c t i l i t y  a t  temperatures below 1,/3 t o  1/2 of t he  melting 
point  so t h a t  t h e  e f f e c t s  of thermal ac t iva t ioq  including r e l a t i v e l y  rapid 
d i f f u s i o q  with the  r e su l t an t  t i m e  dependence and micros t ruc tura l  i n s t a b i l i t y  
must be considered with regard t o  bas ic  mechanisms and r e su l t an t  microstructures 
and properties. 
It i s  t h e  object ive of t h i s  program t o  
The discussion i s  presented i n  terms of the  various deformation 
mechanisms of i n t e r e s t ;  however, both deformation per  se and t h e  implications 
with regard t o  f r ac tu re  mode a r e  considered. 
enumeration of t h e  p a r t i c u l a r  areas which seem most f r u i t f u l  f o r  inves t iga t ion  
i n  t h i s  program. 
This i s  followed by an 
It seems reasonable t o  categorize t h e  observed deformation behavior 
i n  terms of th ree  d i s t i n c t  mechanisms which may be dominant under appropriate 
conditions.  The approach r i s k s  oversimplif icat ion i n  t h a t  a combination of 
or t r a n s i t i o n  between these  mechanisms i s  frequent ly  observed and of ten  a 
c l e a r  i d e n t i f i c a t i o n  of t h e  r e l a t ive  importance of them i s  not possible  a t  
t h e  present  t i m e .  These a r e  crystal lographic  s l i p ,  d i f fus iona l  creep and 
a process perhaps bes t  i d e n t i f i e d  a s  grain boundary s l i d i n g  (GBS) which may 
include a range of p a r t i c u l a r  var ia t ions ,  bu t  i s  extensively observed i n  
f i n e  grained mater ia l s .  
Deformation by s l i p  has been observed i n  v i r t u a l l y  a l l  of t h e  re f rac tory  
oxides under appropriate  conditions and i n  some cases a t  r e l a t i v e l y  low 
temperatures. However, most of these mater ia l s  do not s a t i s f y  t h e  Mises 
c r i t e r i a  requi r ing  f ive operat ive,  independent s l i p  systems f o r  f u l l y  
d u c t i l e  behavior i n  polycrystal l ine bodiesl4 except under r a the r  l i m i t e d  
conditions.  If t h i s  condition i s  not m e t ,  s t r e s s  concentrations develop, 
e spec ia l ly  a t  gra in  boundaries and cause microcracks which rap id ly  lead t o  
f r ac tu re .  Forging under these conditions w i l l  not be f r u i t f u l  and it i s  
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important, therefore ,  t o  i den t i fy  and consider only those conditions under 
which t h e  Mises requirement i s  met. It should be emphasized t h a t  cracking 
a t  grain boundaries can r e s u l t  from a number of o ther  mechanisms including 
impurity e f f e c t s  a s  weXl as other  causes of s t r e s s  concentration15 and i s  
not  per  s e  the  r e s u l t  of f a i l u r e  t o  s a t i s f y  the  Mises condition. 
Deformation by s l i p  has been studied the  most extensively i n  MgO. The 
resolved c r i t i c a l  shear s t r e s ses  a re  low enough t o  allow s l i p  on both t h e  
[110) /-liO] and to013 [ l i O ]  s l i p  systems, both of which a r e  
necessary f o r  f i v e  independent s l i p  s stems, and a l so ,  t o  allow cross s l i p  
a t  temperatures a s  low as 800-1000°C.E However, in te rpenet ra t ion  of oblique 
s l i p  bands i s  d i f f i c u l t  b low 1700°C, although reduced s t r a i n  r a t e s  lower 
t h i s  t o  a t  l e a s t  1550°C.1g The r e s u l t  i s  f u l l y  d u c t i l e  behavior f y  poly- 
c r y s t a l l i n e  MgO cannot be obtained i n  tension below about l7OOOC.  A t  l e a s t  
l i m i t e d  d u c t i l i t  
i n  compression.' This difference is  thought t o  r e s u l t  from a reduced 
tendency f o r  crack propagation ra ther  than from a fundamental difference i n  
deformation mode. 
without cracking is  possible  i n  some cases a s  low a s  800oc 
A t  about 14OO0C and above, some grain boundary s l i d i n g  a l so  occurs 
which probably does not contr ibute  s ign i f i can t ly  t o  deformation i n  coarse- 
grained material where s l i p  i s  predominant; it can, however, provide 
mechanisms f o r  f r ac tu re  leading t o  l imited d u c t i l i t y  a t  these intermediate 
temperatures. 
a t  intermediate temperatures .17 
concentration, p a r t i c u l a r l y  t r i p l e  points ,  which lead t o  in te rgranular  
t e n s i l e  axis which can eventually interconnect and lead t o  failure.l1Y1$ I n  
general ,  it i s  e q e c t e d  t h a t  t he  t r i p l e  point  cracking w i l l  occur a t  higher 
s t r e s s e s  and s t r a i n  rates and that cavi ta t ion  along the  boundaries will 
be predominant at  lower r a t e s  . I5  9 1 7  A t  higher temperatures increased grain 
boundary migration and lower y ie ld  s t r e s s e s  allow increased s t r e s s  re laxa-  
t i o n  at t r i p l e  points  and prevent cavi ta t ion  and cracking a t  boundaries; 
when t h i s  occurs f u l l y  d u c t i l e  behavior obtains which allows high elongation. 
Under these  conditions MgO i s  reported t o  have s u f f i c i e n t  work hardening 
t o  provide neck s t a b i l i t y  f o r  elongations i n  excess of lOC%.16 A t  these  
high temperatures f i n e  grain s i z e s  a r e  not general ly  s t a b l e  and r e l a t i v e l y  
coarse grained mater ia ls  r e s u l t .  
This behavior i s  very s i m i l a r  t o  t h a t  found i n  many metals 
Cracks develop a t  poin ts  of s t r e s s  
I n  addi t ion,  pores develop along grain faces normal t o  t e 
The temperatures a t  which f u l l y  d u c t i l e  behavior r e s u l t s  has been 
reported a t  1700-18000~ for MgO w i t h  high pur i ty ,  pore f r e e  boundaries 
which was prepared from rec rys t a l l i zed  s i n g l e  c rys t a l s .11  However for hot 
pressed mater ia l s  t h i s  temperature is  apparent ly  220OoC or above. li 
r e s u l t s  from re s idua l  poros i ty  and impuri t ies .  
thought t o  reduce grain boundary s t rength and t o  i n h i b i t  migration; i n  
addi t ion ,  impuri t ies  may r a i s e  t h e  y ie ld  s t r e s s  f o r  s l i p  making s t r e s s  
re laxa t ion  and conformity more d i f f i c u l t .  The impurity e f f e c t s  a r e  thought 
t o  r e s u l t  from gaseous species not eliminated i n  hot p re s s ing , l  from low 
s t rength  o r  low melting point const i tuents  such a s  recent ly  reported f o r  
weakening due t o  re ta ined LiF i n  CaO,lg and from t h e  segregation of so lu t e  
which i s  knuwn t o  impede boundary migration.20 
t h a t  t h i s  e f f e c t  of impuri t ies  on grain boundary s l i d i n g  and cracking i s  
very similar t o  t h a t  observed i n  A 1  a l loys.17 
T h i s  
Both of these  f ac to r s  a r e  
It i s  i n t e r e s t i n g  t o  note 
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Although t h i s  behavior has  only been extensively s tudied  i n  MgO, o ther  
cubic mater ia l s  such as CaO, Zr02, U02 and M@1204 apparently behave 
s imi l a r ly .  Extensive t e n s i l e  d u c t i l i t y  has not been reported presumably 
because of ma te r i a l  l imi t a t ions  r e s u l t i n g  from poros i ty  and impur i t i e s .  
Compressive s tud ie s  of hot pressed ~ g ~ l 2 0 4  ind ica t e  behavior s imi l a r  t o  t h a t  
of hot pressed MgO i n  t h a t  multiple s l i p  resu l ted  but only s m a l l  s t r a i n s  
were obtained a s  a r e s u l t  of crackin which was f requent ly  in t e rg ranu la r  and 
apparently associated w i t h  some GBS.” The creep behavior of Tho2 and U02 
appears t o  be controlled by s l i p  mechanisms under some conditions,22 and 
t h e  c r i t i c a l  resolved shear s t r e s ses  f o r  t h e  necessary s l i p  systems i n  U02 
a r e  apparently low enough t o  be ac t iva t ed  and co r re l a t e  reesonably w e l l  wit” 
y i e l d  s t r e s s e s  i n  po lyc rys t a l l i ne  1 m t e r i a l . ~ 3  
been extruded successfu l ly  i n  a similar manner t o  Mg0.l 
Materials from t h i s  group have 
For t h e  non-cubic mater ia l s  extensive deformation by s l i p  i s  much more 
d i f f i c u l t  as a result of t he  l imited s l i p  s stems which can be e a s i l y  
ac t iva t ed .  HoweveSi i n  compression a t  1800 C and above, deformation of both 
A1203,2910 and Be0 apparently involves extensive s l i p .  There i s  s t i l l  
uncer ta in ty  concerning t h e  a c t i v e  non-basal s l i p  systems i n  these  mater ia l s :  
it i s  c e r t a i n ,  however, t h a t  t h e  non-basal systems have much higher y i e ld  
stresses and a r e  much more d i f f i c u l t  t o  operate than t h e  b a s a l  systems. 
i s  no information on t h e  behavior of these  mater ia l s  i n  tens ion  under 
similar conditions; however, problems with l imi ted  d u c t i l i t y  from s l i p  band 
i n t e r a c t i o n  and GBS, a s  found i n  MgO, must be an t i c ipa t ed .  These considerations 
a l l  suggest t h a t  temperatures very near t h e  melting point a r e  necessary t o  
obta in  extensive deformation from s l i p  p a r t i c u l a r l y  i n  tens ion .  
There 
Although it i s  known ’io occur, t h e r e  i s  l i t t l e  information on t h e  
cont r ibu t ion  t o  deformation from twinning i n  po lyc rys t a l l i ne  oxides. By 
analogy with hexagonal metals, where it i s  f requent ly  observed, twinning 
may be expected t o  cont r ibu te  somewhat t o  t h e  deformation of non-cubic oxides 
p a r t i c u l a r l y  i n  providing an a l t e r n a t i v e  t o  non-basal s l i p .  
been seen i n  both coarse and fine-grained A1203,2-aJ25 which i s  not su rp r i s ing  
i n  view of i t s  frequent observation i n  sapphire under compression 26 and 
i t s  occurrence i n  A1203 b i c r y s t a l s  i n  c o m p r e ~ s i o n . ~ 7  
twin-grain boundary in t e rac t ions  have been shown t o  provide f r a c t u r e  
nucleation, i t  i s  not known whe tke r  it i s  extensive enough i n  po lyc rys t a l l i ne  
materials t o  a f f e c t  macroscopic flow parameters or d u c t i l i t y .  
Twinning has 
Although twin-twin and 
It may a l s o  be suggested tha t  deformation could occur i n  a ma te r i a l  
without f ive independent s l i p  systems by a d i f fus iona l  process providing 
t h e  add i t iona l  degree of freedom. Such a mechanism has been postulated wh’ch 
assumed t h a t  d i s loca t ion  climb provides s t r a i n  i n  t h e  necesary d i r ec t ion .  
It could s i m i l a r l y  be imagined tha t  d i f f u s i o n a l  creep may a l s o  operate i n  
t h i s  way. There is ,  however, l i t t l e  d i r e c t  evidence f o r  t h i s  type of 
behavior i n  polycrys ta l l ine  ceramics. 
28 
Under conditions i n  which s l i p  apparently d i d  not or could not occur 
t o  a s i g n i f i c a n t  ex ten t ,  t h e  deformation of s eve ra l  oxides has been a t t r i b u t e d  
t o  d i f fus iona l  creep. 
d i f f i c u l t ,  deformation has been observed t o  approximately f i t  t h e  r e l a t i o n  
predic ted  by Herring32 o f :  
I n  t h e  case of ~ 1 2 0 3 ~ 9 9 3 ~  and Be03’, where s l i p  i s  
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where 6 and U- a r e  stress and s t r a i n  rate; D i s  t h e  d i f f u s i v i t y ,  G, t h e  
g ra in  s i z e  and -I= , t he  volume o f t h e  d i f fus ing  spec ie s ,  and kT has t h e  
usua l  meaning. There i s ,  however, some uncer ta in ty  regarding t h e  d i f fus ing  
spec ies  which i s  l i m i t i n g  and i n  some cases calculated values of D are much 
higher than measured s e l f - d i f f u s i v i t i e s  .25 
The above model i s  based on the assumption t h a t  l a t t i c e  d i f fus ion  i s  
rate cont ro l l ing .  
case where 
A similar r e l a t ion  has been developed by Coble f o r  t h e  
a i n  boundary d i f fus ion  i s  s u f f i c i e n t l y  rap id  t h a t  it i s  
con t ro l l i ng  !?- 3 : 
E =  
where w i s  t h e  
Most of t he  oxide 
product of t h e  grain boundary width and d i f f u s i v i t y .  
data seem t o f i t  the l a t t i c e  d i f fus ion  model b e t t e r .  Analysis 
of t h e  data, however, i nd ica t e s  that under condi ions t h e  s t r a i n  r a t e -  
gra in  s i z e  exponent i s  near ly  2.5 i n  ~ 1 2 0 3 ,  ’’y59 MgO” and ~e031 ;  t h i s  may 
be i n d i c a t i v e  of a cont r ibu t ion  from g ra in  boundary d i f fus ion  under the 
appropr ia te  conditions.  Observation of d i f fus iona l  creep has generally 
been a t  temperatures and s t r a i n  r a t e s  which are t o o  low t o  a c t i v a t e  s l i p ;  
t h e  mechanism i s  expected t o  become more favorable relative t o  s l i p  a t  f i n e r  
gra in  s i z e s  because of t h e  s t rong  inverse dependence. 
The observations of d i f fus iona l  creep have inva r i ab ly  indicated 
concurrent GBS which is  as expected i n  vi w of t h e  necess i ty  of boundary 
r e l axa t ion  f o r  the mechanism t o  operate .3‘ Materials deforming under 
conditions which were thought t o  be d i f f u s i o n a l  creep have generally shown 
r a t h e r  l imi ted  d u c t i l i t y  with t h e  onset of acce lera ted  creep rates occurring 
after only a f e w  percent s t r a i n .  Examination has ind ica ted  extensive i n t e r -  
granular cracking which has been a t t r i b u t e d  t o  t h e  GBS. There have been no 
d e t a i l e d  s tud ie s  of t h i s  aspect of  t h i s  deformation mode, bu t  it i s  l i k e l y  
t h a t  g ra in  boundary poros i ty  and impurit ies aggrevate t h e  problem although 
cracking has been observed i n  materials of supposed high p u r i t y  and dens i ty  
5% Under analogous conditions of s t r a i n  rate, tempera u re  and gra in  s i  somewhat similar deformation has been reported f o r  Mg0,18 U O Z , ~ ~  and Tho 
The s i t u a t i o n  i s  not a s  c l e a r  s ince  agreement of t h e  r e s u l t s  with Eq. (17 
has genera l ly  not been as good as with Ai203 and BeO, and some micros t ruc tura l  
evidence of GEE and some s l i p  i s  generally observed. 
i n  v i e w  of t h e  greater ease with which s l i p  occurs i n  these  mater ia l s .  
creep work a t r a n s i t i o n  i n  behavior between high and low stress has been 
found i n  Th02,22 ~ 0 2 , ~ * ~ 3 7  and ~gol8738. This has been in t e rp re t ed  as a 
s h i f t  i n  mechanism from a s l i p  controlled one such as d i s loca t ion  climb a t  
h igh  stress t o  a deformation mechanism which has a near ly  l i n e a r  s t r a i n  r a t e  
s e n s i t i v i t y  a t  low stresses. 
i s  not c l ea r ,  but t h e r e  i s  some evidence t o  ind ica t e  it may be d i f fus iona l  
creep. A s  a r e s u l t ,  it i s  not ce r t a in  whether pure d i f f u s i o n a l  creep w i l l  
occur i n  these  materials, but i f  so, it w i l l  be most l i k e l y  a t  very low 
s t r a i n  rates and stresses where slip i s  r e l a t i v e l y  less l i k e l y .  
. 
This i s  not su rp r i s ing  
I n  
In t e rp re t a t ion  of t h i s  low stress mechanism 
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A t  f i n e r  grain sizes t h e  deviation i n  behavior from t h a t  predicted 
by Equations (1) o r  ( 2 )  becomes increasingly more pronounced i n  both cubic 
and non-cubic oxides. Similar observations, which include non-linear 
s t r e s s - s t r a i n  r a t e  behavior, microstructural  observations and disagreement 
of apparent d i f fus ion  coef f ic ien ts ,  have been made f o r  s eve ra l  ma te r i a l s  
w i t h  g ra in  sizes between 1 and l o p ,  t h e  ind ica t ion  i s  t h a t  t h e  predominant 
mechanisin i s  ne i ther  s l i p  as seen i n  coarser mater ia l s  nor d i f f u s i o n a l  
creep, but t h a t  it i s  controlled by GBS. There i s  not ye t  good agreement 
on t h e  bas i c  mechanisms involved, and t h e r e  are undoubtedly some va r i a t ions  
i n  d i f f e r e n t  mater ia l s .  Sliding, of course, cannot proceed without gra in  
shape change, so i n  t h i s  context GBS, as a deformation mechanism, i s  taken 
here t o  imply both t h e  boundary s l i d i n g  per  s e  and t h e  concomi t tan t  
accommodation process. 
A s  previously mentioned, GBS has been frequently observed as a secondary 
mechanism i n  t h e  deformation of the oxides. In  coarse grained MgO, GBS 
re su l t ed  i n  extensive deformation i n  t he  v i c i n i t y  of gra in  boundaries 
p a r t i c u l a r l y  a t  po in ts  of constrains such as t r i p l e  po in ts  and boundary jogs 
where fo lds  i n  the  adjacent mate:?ial were found as a r e s u l t  of t h e  loca l ized  
shear necessary for accommodation. This was  i n t e n s i f i e d  as corrugations i n  
t h e  boundaries developed so t h a t  continued s l i d i n g  r e su l t ed  i n  extensive 
shear i n  t h e  region adjacent t o  the boundaries.11 Relief from some of these  
high s t r e s s  concentrations eventually r e su l t ed  from grain boundary migration 
and polygonization. 
A s  t h e  grain s i z e  i s  reduced t h e  contribution of GBS t o  t o t a l  s t r a i n  
genera l ly  increases as a r e s u l t  of t h e  increased boundary area. However, 
when t h e  grain s i z e  approaches the  width of t h e  highly deformed region 
associated with GBS, it i s  expected t h a t  t h e  cont r ibu t ion  of GBS should 
become dominant and t h a t  a change i n  t h e  microscopic deformation behavior may 
r e s u l t .  
Further support f o r  such a change i n  behavior has been ind ica ted  i n  
metals as a r e s u l t  of dislocation-boundary s l i d i n g  in t e rac t ions .  It has 
been observed t h a t  t h e  passage of a s l i p  band through a boundary can cause 
some s l i d i n g  of t h e  boundary;l7 t h i s  i s  thought t o  occur a s  a r e s u l t  of 
incorporation of d is loca t ions  i n t o  t h e  boundary and t h e  movement of t hese  
d i s loca t ions  along t h e  boundaries. More ecent ly  s l i d i n g  boundaries i n  
b i c rys t a l s39  and po lyc rys t a l l i ne  materialEo have been observed t o  e m i t  
d i s loca t ions  i n t o  t h e  grains;  t h i s  d i s loca t ion  emission has been explained 
t o  r e s u l t  from a s l i d i n g  mechanism based on movement of d i s loca t ions  i n  t h e  
boundary. It i s  then l i k e l y  t h a t  as t h e  gra in  s i z e  i s  reduced below t h e  
s t a b l e  subgrain s i z e ,  t h e  boundaries become t h e  p r i n c i p a l  sources and s inks  
of l a t t i c e  d is loca t ions  and t h e  s l i d i n g  and accommodation processes become 
interdependent. This type of e f f ec t  has been r ecen t ly  PO t u  a t e d  t o  
expla in  t h e  superp las t ic  behavior of f i n e  gra in  metals. &1, t 2  
There i s  evidence f o r  t h e  existence of a somewhat similar condition 
i n  t h e  various oxides a t  grain s izes  below 5 t o  10 p a t  appropriate tempera- 
t u r e s  and s t r a i n  r a t e s .  Deformation i s  marked by a high r a t e  s e n s i t i v i t y ,  
a s t rong  gra in  s i z e  dependence and sometimes by s t r a i n  hardening or a region 
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of t r a n s i e n t  creep which i s  much stronger than  would be expected from 
d i f f u s i o n a l  creep. M i c r o s t ~ c t u r a l e v i d e n c e  of GBS i n  terms of o f f s e t  
sc ra tches  displaced t r i p l e  points or folded gra ins  i s  frequent.  Slip t r a c e s  
are a l s o  of ten  seen i n  t h e  cubic oxides; however, t h e  contributions of 
d i s loca t ions  i s  much more a matter of conjecture i n  A1203 and BeO. 
Al,O3.’? Material with a 1-2 p grain s i z e  w a s  very d u c t i l e  i n  t h e  range of 
130O-155O0C;  t h e  flow stress was highly s t r a i n  r a t e  s e n s i t i v e  wi th  values 
of 0.6-0.7 determined f o r  t h e  s t r a in  rate s e n s i t i v i t y  index, m, defined by 
t h e  r e l a t i o n :  
i s  behavior has been studied most extensively i n  fine-grained 
r =  K k m  (3) 
*.> 
where 0 , and E have been defined and K i s  a material constant.  The 
s t rong  gra in  s i z e  dependence w a s  found t o  approximately f i t  t h e  r e l a t i o n :  
The measured s t r a i n  rates were much grea te r  than predicted by Eq. (1) 
using ava i l ab le  se l f -d i f fus ion  da ta  providing f u r t h e r  i nd ica t ion  t h i s  
behsvior was d i s t i n c t  from d i f fus iona l  creep. A s  t h e  gra in  s i z e  was  increased 
up t o  8 t o  15 p, m values increased up t o  about 0.8-0.9 which w a s  taken t o  
i n d i c a t e  a t r a n s i t i o n  t o  cont ro l  by d i f fus iona l  creep a t  l a r g e r  gra in  
sizes.25 
seen i n  reviewing t h e  data from earlier inves t iga t ions  of A1203 which had been 
in t e rp re t ed  i n  support of t h e  d i f fus iona l  creep mechanism. 30 
A similar decrease i n  m from near ly  1 a t  13 p t o  0.6 a t  3 p was 
Limited tests of e0 of l e s s  than l o p  gra in  s i z e  ind ica ted  s imi l a r  
non-Newtonian behavior .$3 This work a l s o  suggested t h a t  a t r a n s i t i o n  from 
d i f fus iona l  creep t o  GBS occurred with increas ing  stress. 
from about 1. t o  0.5 w i t h  increas  
suggesting a similar t r ans i t i on .EG I n  both of t hese  s tud ie s  extended 
periods of s t r a i n  hardening during t r ans i en t  creep were observed which 
provides f u r t h e r  support f o r  t h e  f a c t  t h a t  t h e  process of GBS involves a 
fundamentally non-Newtonian process and i s  not simply a r e s u l t  of i n t e r -  
granular separation. 
A change i n  m 
stress was reported f o r  2 p A1203 
Microstructural  examination of t h e  1-2 p A1203 showed evidence of 
GBS such as displaced t r i p l e  po in t s .  
t h i n  f o i l s  ind ica ted  s loca t ions  a t  some of t h e  boundaries on which 
s l i d i n g  had occurred.g5 It w a s  concluded t h a t  t h e  a c t u a l  boundary s l i d i n g  
process w a s  probably non-Newtonian involving gra in  boundary d is loca t ions  
and boundary migration. The accommodation process was not p o s i t i v e l y  
i d e n t i f i e d ;  it was suggested t o  include d i f fus iona l  creep and grain boundary 
migration. Some twinning was seen providing accommodation a t  po in t s  of 
high s t r e s s  concentration such as t r i p l e  po in ts ;  however, it w a s  not 
ex tens ive  enough t o  be a cont ro l l ing  mechanism. There was  no p o s i t i v e  
evidence t h a t  d i s loca t ion  g l ide  had contributed t o  t h e  necessary gra in  shape 
changes; however, t h e  poin t  i s  one of uncer ta in ty  s ince  small grain s i z e s  
would allow l a t t i c e  d is loca t ions  t o  be annih i la ted  i n  t h e  boundaries. 
I n  addition, e l ec t ron  microscopy of 
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Rather s imi la r  behavior has been observed i n  MgO, U02 and Tho2 
although the  grea te r  ease of s l i p  i n  these  mater ia l s  makes a c l ea r  d i f f e r -  
e n t i a t i o n  among t h e  various processes more d i f f i c u l t .  
s t r a i n  r a t e s  i n  t h e  temperature range 1100-1500°C indicated a change i n  
behavior f o r  grain s i zes  below 5 p which was indicated by a decrease i n  m from 
1 t o  0.67 and a marked increase i n  ac t iva t ion  energy. l8 
l a r g e r  gra in  s i zes  was presumably control led by d i f fus iona l  creep r a the r  
than s l i p  as a r e s u l t  of t he  l o w  s t r a i n  r a t e  used. 
A study of MgO a t  low 
The deformation a t  
Several  s tud ies  of U02 with grain s i zes  below 10 p have revealed s imi l a r  
behavior. For non-stoichiometric (oxygen-rich) material, deformation has 
been reported a t  temperatures down t o  8oo0c with evidence of non-Newtonian 
behavior and extensive GBS.15 I n  t h e  range of 1000-14OO0C a marked e f f e c t  
of stoichiometry w a s  seen i n  which increased oxygen content resu l ted  i n  much 
higher s t r a i n  r a t e s  and a decl ine i n  m from 0.8 t o  0.6 going from s to i ch i  
Increased d i f f u s i v i t y  with non-stoichiometry would r e s u l t  i n  higher s t r a i n  
r a t e s ;  however, t h i s  does not per se explain t h e  reduct ion of m.  A similar 
change i n  stoichiomeJry reduces the resolved c r i t i c a l  shear s t r e s s  for s l i p  
on the  t l l O 3  [ l i O j  system* by a f a c t o r  of t h ree  or four  i n  t h i s  tempera- 
t u r e  range, and thus,  apparently increases t h e  ease of s l i p  i n  polycrys ta l l ine  
mater ia l s  .*3 
r e l a t ed  t o  t h e  ease of s l i p  behavior e i t h e r  i n  terms of mater ia l  accommodation 
by s l i p  or i n  terms of a c t u a l  s l i d ing  by boundary d is loca t ions .  
metric mater ia l  t o  t h e  l i m i t  of the phase f i e l d  f o r  oxygen enrichment. 35 9 fz 
This cor re la t ion  fur ther  i n f e r s  t h a t  t h e  nos-Newtonian GBS i s  
I n  Tho2 of l o p  gra in  s i z e  a t  l o w  s t r a i n  r a t e s  a combination of GBS 
This 
and d i f fus iona l  creep was  suggested. 
0.63 a t  179OoC occurred along w i t h  micros t ruc tura l  evidence of GBS. 
was in t e rp re t ed  as a t r a n s i t i o n  i n  t h e  cont ro l l ing  mechanism from accommodation 
by d i f fus iona l  creep t o  l imi t a t ion  by GBS or s l i p  a t  higher temperatures.36 
A reduction i n  m from 0.96 a t  1430Oc t o  
I n  summary, values of m between 1/2 and 2/3 ind ica t e  t h a t  t h e  deformation 
is  l i m i t e d  by a non-Newtonian process. Although accommodation by s l i p  within 
t h e  grains  might seem a reasonable explanation f o r  t h i s  s l i d i n g  of b i c rys t a l s  
of MgO has a l s o  been found t o  be non-Newtonian and t o  exhib i t  considerable 
s t r a i n  hardening,47 suggesting tha t  t h e  non-Newtonian process i s  int imately 
r e l a t e d  t o  t h e  s l i d ing .  
A1203 indicated t h a t  t h e  dis locat ions were associated more with the  boundaries 
than  within t h e  g r a i n ~ . ~ 5  
af ter  boundary s l i d i n g  i n  a U02 b i c r y s t a l  have a l s o  been reported.22 
several observations a l l  suggest the ac tua l  s l i d i n g  i s  accomplished by move- 
ment of d i s loca t ions  within t h e  boundary and t h a t  t h e  s l i d i n g  i tself  i s  non- 
Newtonian. The Burger's vectors of t h e  boundary d is loca t ions  and t h e  
o r i en ta t ion  e f f e c t s  have not been i d e n t i f i e d  s o  t h e  exact mechanism cannot 
be f u r t h e r  specif ied;  similarly, information about t h e  sources of grain boundary 
d is loca t ions  and t h e  r e l a t i o n  w i t h  t h e  grain accommodation processes i s  
necessary before t h i s  type of process can be completely accepted and understood. 
The microstructural  observation of GBS i n  1-2 p 
Observations of d i s loca t ions  a t  t he  grain boundary 
These 
The mechanism of f r a c t u r e  f o r  mater ia l s  deforming by GBS appears t o  be 
l a r g e l y  by i n t e r c r y s t a l l i n e  separation r e s u l t i n g  from t h e  growth of cracks 
* This i s  t h e  more d i f f i c u l t  t o  activate s l i p  system i n  U02 and i s  necessary 
i n  add i t ion  t o  t h e  f l O O 3  LliO] system t o  s a t i s f y  t h e  Mises requirement. 
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and voids a t  t h e  boundaries. The e lec t ron  microscopy of A1203 showed 
t h e  development of small voids a t  t r i p l e  po in t s  as a r e s u l t  of GBS.25 
Cavit t i o n  on t h  boundaries o r m a l t o  t h e  t e n s i l e  a x i s  has been seen i n  
Mg0,l8 Th02,22,3g and U02. 359'5 Inves t iga t ion  of UO2 indicated t h a t  i n t e r -  
granular cracking w a s  more severe fo r  t he  s to ich iometr ic  material;46 it was  
suggested t h a t  more rapid gra in  boundary migration i n  t h e  oxygen-rich 
ma te r i a l  may have been responsible f o r  t h e  reduced boundary cracking;46 it 
seems l i k e l y  t h a t  t h e  low yield s t r e s s e s  f o r  s l i p  which r e s u l t  from non- 
stoichiometr$3 may a l s o  cont r ibu te  t o  reduced cracking. 
t h a t  any f ac to r s  which ease t h e  problem of accomodation or allow easier 
boundary migration will r e s u l t  i n  increased d u c t i l i t y  by reducing s t r e s s  
concentrations and preventing t h e  growth of crack nuc le i .  
po ros i ty  and impur i t ies  a t  t h e  boundaries can be expected t o  reduce 
d u c t i l i t y  by r e s t r i c t i n g  boundary migration and weakening t h e  boundaries. 
It can be expected 
The presence of 
Although a quan t i t a t ive  study f o r  t h e  oxides a t  high temperature does 
not e x i s t ,  s eve ra l  inves t iga tors  have suggested t h a t  greater d u c t i l i t y  and 
higher f r a c t u r e  s t rengths  r e s u l t  a t  f i n e r  gra in  s izes .  This seems 
i n t u i t i v e l y  appealing f o r  s eve ra l  reasons. A f i n e r  gra in  s i z e  reduces t h e  
amount of s l i d i n g  per boundary a t  a given s t r a i n  as a r e s u l t  of t h e  increase  
i n  boundary a ea. If cav i t a t ion  r e s u l t s  d i r e c t l y  from s l id ing ,  a s  has been 
shown f o r  C U , ~  then t h e  reduced s l i d i n g  per  boundary should r e s u l t  i n  less 
severe c a v i t a t i o n  a t  a given s t r a i n .  Changes i n  mechanism which modify the  
cont r ibu t ion  of GBS will, of course, modify this somewhat. 
Finer grain s i z e s  should a l s o  reduce stress concentrations and thus  
reduce t h e  tendency f o r  cracking. 
relaxed by s l i d i n g ,  then a l a rge  stress concentration w i l l  develop a t  t h e  
po in t s  of cons t ra in t  where s l9d ing  i s  r e s t r i c t e d  such as t r i p l e  o i n t s  or  
ledges.  This stress concentration w i l l  be propor t iona l  t o  *where 2c 
i s  t h e  length of relaxed b0undary.~9 This length  w i l l  be approximately t h e  
gra in  boundary f a c e t  size, unless cons t ra in t  a t  ledges reduces it. AS a 
r e s u l t ,  f i n e r  grained materials should develop less severe stress 
concentrations a t  obstacles thus  reducing t h e  tendency f o r  crack formation. 
Althou& these  f a c t o r s  are both s ign i f i can t ,  a d d i t i o n a l  f a c t o r s  r e s u l t i n g  
from di f fe rences  i n  GBS mechanisms may prove t o  be equally important. 
If t h e  shear stress on a boundary i s  
For a system i n  which t h e r e  i s  s u f f i c i e n t  accommodation and boundary 
migration t o  i n h i b i t  cav i t a t ion  during GBS, l a r g e  elongations should be 
obtainable.  The high s t r a i n  rate s e n s i t i v i t y  which e x i s t s  w i l l  provide 
exce l len t  neck s t a b i l i t y 5 0  eliminating the need f o r  s t r a i n  hardening f o r  
t h i s  purpose. The a c t u a l  amount of s t r a i n  hardening expected with t h i s  
mechanism i s  unknown as are t h e  poss ib le  e f f e c t s  upon f r a c t u r e  stress. 
However, it seems l i k e l y  t h a t  t h e  most c r i t i c a l  problem i s  t h e  elimination 
of g ra in  boundation cav i t a t ion  and cracking both f o r  good d u c t i l i t y  and t o  
prevent degradation of subsequent proper t ies .  
C. Areas f o r  Inves t iga t ion  
Several  areas are indica ted  as  f r u i t f u l  f o r  f u r t h e r  i nves t iga t ion  and 
forg ing  s tud ie s .  The above review suggests two a l t e r n a t i v e  approaches a s  
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most promising f o r  i n i t i a l  inves t iga t ion .  
t h e  known d u c t i l i t y  ava i l ab le  from GBS i n  very f ine  mater ia l s ;  Ai203 i s  t h e  
most appropriate material f o r  inves t iga t ion  i n  t h i s  area. The second 
a l t e r n a t i v e  i s  t o  forge under conditions where f u l l  d u c t i l i t y  from s l i p  
can be obtained; f o r  t h i s  MgO appears t o  be t h e  most appropriate mater ia l .  
Alternatives f o r  both of these  processes u t i l i z i n g  o ther  compositions i n  t h e  
~1203-MgO system a r e  a l s o  worthy of i nves t iga t ion .  
One, i s  t o  take  advantage of 
The A1203 + 1/4% MgO system i s  being u t i l i z e d  i n i t i a l l y  f o r  study i n  
High q u a l i t y  materials of about l y  gra in  s i z e  can be prepared t h i s  a r ea .  
and t h e  system i s  exceptionally s t ab le  with respec t  t o  gra in  growth. 
MgO of high dens i ty  and pu r i ty ,  grain growth i s  s u f f i c i e n t l y  rap id  t h a t  
gra in  s i z e s  below about 5-10 p a r e  not s t a b l e  a t  1400Oc even f o r  r e l a t i v e l y  
sho r t  t imes .5 I  
u t i l i z a t i o n  of f i n e  grained s t a r t i n g  mater ia l s  and forg ing  a t  moderate 
temperatures provides a method fo r  r e t en t ion  of a f i n e  gra in  s i z e  i n  the  
f in i shed  piece; t h i s  i s  highly des i rab le  f o r  many of t h e  subsequent proper t ies  
of i n t e r e s t .  Although tkr  
porous s t a r t i n g  xmterials2,  E t h i s  approach i s  not being considered here; 
only f u l l y  dense preforms a r e  being used. 
For 
I n  addi t ion  t o  of fe r ing  good promise of success, t h e  
has been considerable work t o  da te  u t i l i z i n g  
The work t o  da t e  has indicated t h a t  f u l l y  d u c t i l e  behavior by s l i p  
i n  MgO does not occur u n t i l  about 1 8 0 0 0 ~  and t h a t  f o r  hot pressed mater ia l s  
it may be as high as 22000C. 
work by Rice i n  which g rea t e r  problems r e su l t ed  with hot pressed bodies 
than with s ing le  c r y s t a l s  o r  fused materia1.l This i nd ica t e s  t h a t  every 
e f f o r t  must be made t o  obta in  high pu r i ty ,  high dens i ty  mater ia l s  and t h a t  
i nves t iga t ion  should be pr imar i ly  concentrated a t  temperatures i n  excess of 
These r e s u l t s  were born out by t h e  extrusion 
2000oc. 
The eventual forg ing  inves t iga t ion  of MgA1204 i s  f e l t  t o  be warranted 
f o r  s eve ra l  reasons. This s y t e m  apparently has s u f f i c i e n t  s l i p  systems 
t o  provide adequate d u c t i l i t y  f o r  forging, and i n  f a c t ,  is t h e  only oxide 
i n  which t h e  primary system provides f ive independent systems .21 
t i o n  of it should provide in s igh t  i n t o  add i t iona l  problems which may be 
posed by a mixed oxide compound. 
Investiga- 
The d e s i r e  f o r  a f i n e  grained system which i s  s t a b l e  a t  high tempera- 
t u r e s  may be provided by two phase compositions i n  t h e  A1203-MgO systems. 
Creep s tud ie s  with a series of compositions between MgO and MgAl204 
indica ted  considerably higher s t r a i n  rates under comparable conditions f o r  
intermediate compositions r e su l t i ng  i n  two-phase microstructures.  52 This 
was probably a t  least i n  p a r t  t h e  r e s u l t  of t h e  f i n e r  gra in  s i z e  obtained 
i n  t h e  two-phase materials under s imi la r  conditions.  
a l s o  provide i n t e r e s t i n g  mechanistic i n s igh t  s ince  both phases are r e l a t i v e l y  
d u c t i l e .  
be expected t o  provide a s t a b l e ,  f ine  grained s t r u c t u r e  and inves t iga t ion  
should provide i n s i g h t  i n t o  mechanisms involved i n  GBS. 
This system should 
Fine-grained, two phase compositions of A1203 and MgA1204 would a l s o  
A s  previously mentioned, a combination of mechanical t e s t i n g  and 
forg ing  w i l l  be done as w e l l  a s  microstructural  evaluation. 
i nves t iga t ion  include t h e  dependence of flow stress on temperatures, s t r a i n ,  
s t r a i n  r a t e  and microstructure and s i m i l a r l y  t h e  dependence of f r ac tu re  upon 
Areas under 
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t hese  same var iab les  so t h a t  t h e  areas of maximum d u c t i l i t y  can be 
i d e n t i f i e d .  
equations and mechanistic understanding a r e  desi.red. Tes t ing  will be 
done i n  several modes inc luding  flexure,  t ens ion  and t o r s i o n  i n  order t o  
assess t h e  e f f e c t  of deformation mode upon d u c t i l i t y  and t o  provide 
f l e x i b i l i t y  i n  t e s t i n g .  Where feasible, t e s t i n g  w i l l  be t o  f a i l u r e  t o  
provide information on both flow and f r a c t u r e .  
ranges of s t r a i n  r a t e  i s  planned i n  the  temperature range of 1300-19OO0C 
f o r  A1203 and MgAl2O4 and 1400-22OO0C with emphasis a t  t h e  high end f o r  MgO. 
Multiple loading, with and without in te rmi t ten t  annealing w i l l  be u t i l i z e d  
t o  provide information on r e c r y s t a l l i z a t i o n  and recovery behavior which 
may a f f e c t  formabi l i ty .  
Accurate data which can be used t o  develop c o n s t i t u i t i v e  
Inves t iga t ion  over wide 
The conditions f o r  forg ing  experiments w i l l  be d i c t a t e d  by t h e  r e s u l t s  
of t h e  mechanical property tests i n  order t o  optimize formabili ty.  Shape 
forg ing  w i l l  be used extensively,  with deep drawing of a hemisphere t o  be 
studied i n i t i a l l y .  
upset forg ing  or ext rus ion  because it generally involves some t e n s i l e  
deformation. 
base of understanding for subsequent deformation processing of ceramics. 
ab i l i t y  t o  produce f i n a l  shapes i s  also a des i r ab le  goal i n  i t s e l f .  
of t h e  p l a s t i c  ;low during forg ing  and f a i l u r e  ana lys i s  w i l l  be u t i l i z e d  i n  
order t o  allow i n t e r p r e t a t i o n  of t h e  r e s u l t s  and co r re l a t ion  with t h e  
mechanical property data which w i l l  be obtained. 
t o  provide modifications i n  forging conditions and t o o l i n g  design. 
upset forgings a r e  planned t o  provide material f o r  evaluation of t h e  e f f e c t s  
of forging upon subsequent properties.  
Shape forg ing  i s  desirable f o r  study i n  comparison with 
While t h i s  i s  a more severe condition it provides a broader 
The 
Analysis 
These r e s u l t s  w i l l  be u t i l i z e d  
A f e w  
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111. RESULTS 
The primary e f f e c t  of t h e  program has been concentrated on mechanical 
tests of fine-grained Al203. 
valuable information about techniques and problem a reas .  The micros t ruc tura l  
evaluation of t h e  t e s t  r e s u l t s  and t h e  forgings a r e  t r e a t e d  together here 
f o r  g rea t e r  c l a r i t y .  
p few forgings were done which provided 
A. Mechanical Tests 
Considerable t e s t i n g  of A120 was done i n  order t o  inves t iga t e  both 
Three p a r t i c u l a r  s e r i e s  of 
flow and f r a c t u r e  behavior 
f lexure  i n  the  temperature range 125O-175O0C. 
t e s t s  were done. One w a s  a s e r i e s  i n  which mul t ip le  bending of bars  was 
done t o  assess  t h e  e f f e c t s  of high s t r a i n s .  A second group w a s  dofie to 
c l a r i f y  t h e  e f f e c t  of gra in  s i z e  on t h e  flow stress and t o  ind ica t e  whether 
a change i n  mechanism could be determined by a change i n  t h e  grain s i z e  
dependence. F ina l ly ,  a number of tests a t  constant temperature were 
performed t o  determine t h e  e f f e c t  of s t r a i n  r a t e  on t h e  f r a c t u r e  s t r e s s  a t  
high temperature. 
All o 1 t h e  t e s t i n g  was done 5.n four-point 
Most of t h e  mater ia l s  t e s t ed  were hot pressed t o  d e n s i t i e s  of 99.7% 
or g rea t e r .  These a l l  had an addition of 0.1% or 0.25% MgO t o  r e t a r d  
g ra in  growth; t h e  i n i t i a l  g ra in  sizes were pr imar i ly  i n  t he  ranges of 1-2 p. 
I n  addi t ion ,  some s in t e red  Lucalox specimens d t h  a g ra in  s i z e  of 15 )I and 
a dens i ty  of 99.2% were tested.* 
The t e s t i n g  was done i n  two d i f f e r e n t  argon atmosphere f'urnaces, both 
of which u t i l i z e d  four-point bending f i x t u r e s  with t h e  inner  knife edges a t  
t h e  qua r t e r  po in ts .  
provisions for  changing t h e  speed during a test .  Square kn i f e  edge i n s e r t s  
with a s m a l l  radius on t h e  edge were used f o r  load supports.  
mul t ip le  bend tests were done w i t h  specimens which were 0.050 x 0.100 inch 
with a 0.750 inch loading span and were tested i n  a molybdenum wound furnace. 
A f e w  mul t ip le  bend tests and a l l  of t he  o thers  w e r e  done on 0.100 x 0.206 
inch  specimens i n  a f i x t u r e  with a 1.500 inch ou te r  kn i f e  edge length 
which was heated i n  a Centorr tungsten mesh furnace. 
measured d i r e c t l y  with a set of  probes which actuated an LVDT; def l ec t ion  
and load were recorded continuously versus time. 
Both are constant cross-head speed devices with 
Most of t h e  
Deflections were 
1. Multiple Bend Tests 
Multiple bend t e s t s  were run i n  order t o  a s ses s  t h e  e f f e c t s  of 
l a r g e r  t o t a l  s t r a i n s  a s  we l l  a s  t o  i nd ica t e  any e f f e c t s  of i n t e r rup t ing  or 
revers ing  t h e  s t r a i n  o r  of annealing. The test schedule ca l l ed  f o r  bending 
t h e  specimen t o  t h e  des i red  outer f i b e r  s t r a i n ,  u sua l ly  54, ( the  l i m i t  of 
t h e  apparatus);  t h e  specimen was then reversed and bent back through t h e  range 
- 6, t o  + 
and t h e  specimens held a t  temperature f o r  various amounts of' t i m e  t o  assess  
do i n  each cycle.  For some specimens t h e  t e s t s  were in te r rupted  
* A l l  g ra in  s i z e s  were measured by t h e  l i n e a r  i n t e rcep t  method and a r e  
reported as G = 3/2 x. . 
-16- 
any e f f e c t s .  The process of bending could be continued through severa l  
cycles or u n t i l  f a i l u r e  occurred. For a given specimen a l l  of t h e  t e s t i n g  
was  general ly  a t  t h e  same s t r a i n  r a t e .  
These tests were done only on fine-grained specimens a t  lower 
temperatures t o  reduce grain growth. Most of t h e  t e s t s  were done on a group 
of small specimens designated FLUX, which were hot pressed wi th  1/4% MgO 
and had i n i t i a l  grain s izes  i n  t h e  range 1 . 7 - 2 . 0 ~ ;  these were done over a 
range of s t r a i n  r a t e s  a t  1450'~. 
l a rge  samples of similar mater ia ls .  The samples were a l l  v i sua l ly  examined 
between cycles for evidence of cracking; and f o r  a few the  surfaces  were r e p l i c -  
a ted i n  order t o  allow examination with t h e  e lec t ron  microscope af ter  each cycle.  
A few add i t iona l  t e s t s  were a l s o  done on some 
The load-deflection curves ind ica ted  severa l  i n t e r e s t i n g  fea tures ,  
p a r t i c u l a r l y  t h e  FLUX materials. However, t h e  problem of reducing these  t o  
s t r e s s - s t r a i n  curves proved t o  be more formidable than had been i n i t i a l l y  
an t ic ipa ted .  A t y p i c a l  curve i s  shown i n  Figure 1; the apparent stress was 
calculated from t h e  e l a s t i c  formula (see equations A 3  and A l O )  and so i s  
d i r e c t l y  proport ional  t o  the  measured load.  A l l  of t h e  curves showed s imi l a r  
f ea tu re s  of a s ign i f i can t ly  reduced load upon r eve r sa l  and a build-up of load 
during each cycle.  The FLUX mater ia ls  a l l  exhibi ted a t rend of increased load 
f o r  each successive cycle; t h i s  f ea tu re  was much less pronounced f o r  t h e  other  
mater ia l s ,  but t h e  curves were otherwise similar.  The shapes of these  curves 
are suggestive of r a t h e r  i n t e r e s t i n g  phys ica l  behavior; i n  addi t ion  t o  t h e  
general  t rends  noted, t h e  curves occasionally showed a drop i n  load a f t e r  the  
initial build-up, reminiscent of mater ia ls  which exhib i t  a y i e ld  drop. The 
i r r e g u l a r  behavior seen i n  Figure l w a s  a l s o  seen i n  most of t h e  curves. 
Before conclusions could be made about physical  behavior suggested 
by these  curves, an inves t iga t ion  of possible e f f e c t s  r e s u l t i n g  from curvature,  
l a rge  def lec t ions  and f r i c t i o n  on the bend tests was required.  
are presented i n  t h e  Appendix. 
of t h e  curves, i . e . ,  an increasing load during t h e  t e s t  and a lower load 
on reversa l ,  can be explained i n  part by t h e  development at l a rge  curvature 
of hor izonta l  load components a t  t he  supports, and a l s o  by a s h i f t  i n  t h e  
point  of contact with t h e  supports.  
affected by f r i c t i o n ,  however, so  a quan t i t a t ive  correct ion cannot be made 
without an assumption about t h e  coef f ic ien t  of f r i c t i o n  a t  t he  supports.  
Fur ther  uncer ta in ty  r e s u l t s  from the  f a c t  t h a t  t h e  specimens became somewhat 
i r r e g u l a r  af ter  several cycles so the s t r a i n  was not uniform i n  them. 
The r e s u l t s  
The r e s u l t s  i nd ica t e  t h a t  t h e  general  shape 
The hor izonta l  loads are s i g n i f i c a n t l y  
Examination of t h e  def lec t ion  curves indicated t h a t  many of t he  
f luc tua t ions  i n  t h e  load correlated with changes i n  the  s t r a i n  rate. 
t h e  machine speed i s  not as constant as des i rab le ,  e spec ia l ly  a t  the  lowest 
speeds, t h e  s t r a i n  rate f luc tua t ions  w e r e  usua l ly  i n  excess of t h e  cross-head 
speed var ia t ions .  These are thought t o  be caused i n  p a r t  by some hardening 
i n  the  gage sec t ion  r e s u l t i n g  i n  increased deformation i n  the  moment arms and 
a l s o  by va r i a t ion  i n  t h e  f r i c t i o n  which a l ters  t h e  r e l a t i v e  moments i n  t h e  gage 
sec t ion  and movement arms. 
Although 
A s  a r e s u l t  of these  several  unce r t a in t i e s ,  it was decided t h a t  
a t tempting t o  reduce t h e  e n t i r e  load-deflect ion curves t o  t r u e  s t r e s s - s t r a i n  
curves was not warranted; they were calculated as apparent stresses using 
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t h e  e l a s t i c  formula f o r  comparative purposes. Although t h e  general  shape of 
t h e  curves can be q u a l i t a t i v e l y  predicted by t h e  e f f e c t s  of hor izonta l  loads 
and a s h i f t  i n  t h e  point of contact a t  t h e  load supports, some of t h e  o ther  
f e a t u r e s  are s t i l l  unresolved. For instance,  t h e  shape of t h e  e a r l i e r  p a r t s  
of t h e  curves could be subs t an t i a l ly  altered by changes i n  t h e  coe f f i c i en t  
of f r i c t i o n ;  as a r e s u l t ,  it i s  impossible t o  d i s t ingu i sh  whether t h e  ma te r i a l  
simply has an  asymptotic approach t o  a s teady-s ta te  s t r e s s  a s  would be expected 
f o r  a v i sco -e l a s t i c  material, or  whether some type of y i e ld ing  behavior occurs. 
Similarly,  t h i s  uncer ta in ty  prevents a judgement about whether t h e  flow s t r e s s  
i s  i d e n t i c a l  upon r eve r sa l  of t h e  d i r ec t ion  of s t r a i n ,  o r  whether t h e r e  i s  
an a c t u a l  reduction of t h e  f l o w  stress upon r e v e r s a l  ( i . e . ,  Bauschinger e f f e c t ) .  
By pos tu l a t ing  appropriate var ia t ions  i n  t h e  f r i c t i o n  during a tes t  o r  from 
test  t o  t es t ,  poss ib le  explanations for several e f f e c t s  can be obtained; t h i s  
does not, however, cons t i t u t e  a proof t h a t  t h e  e f f e c t s  are e n t i r e l y  tes t  a r t i -  
f a c t s ,  but it does prevent f i r m  conclusions about a l t e r n a t i v e  phys ica l  explanations.  
From t h e  f luc tua t ions  i n  loads with va r i a t ions  i n  s t r a i n  r a t e ,  it 
could be seen t h a t  t h e  s t r a i n  rate s e n s i t i v i t y  remains high even a t  t h e  
h ighes t  t o t a l  s t r a i n s  inves t iga ted .  A quan t i t a t ive  assessment of t h e  s t r a i n  
r a t e  s e n s i t i v i t y ,  m, with s t r a i n  was not attempted, however. For tests where 
t h e  specimens were unloaded and reloaded, small di f fe rences  i n  t h e  new s t r a i n  
rate seemed t o  have a greater e f f e c t  on t h e  new load than t h e  t i m e  of holding 
at  temperature. This prevented a firm assessment of t h e  magnitude of recovery 
during unloading, but ind ica ted  no s ign i f i can t  recovery seemed l i k e l y  t o  be 
occurring i n  t i m e s  up t o  an  hour. 
The ana lys i s  previously re fer red  t o  (see Appendix) ind ica ted  t h a t  
t h e  error i n  t h e  simply ca lcu la ted  stress, should be qu i t e  small at  t h e  m i d -  
po in t  of t h e  tes t  when t h e  bar i s  nearly f la t .  
t h e  increased s t r a i n  i n  successive cycles, t h e  apparent stress taken a t  t h e  
midpoint f o r  each cycle w a s  p lo t t ed  against  t h e  t o t a l  s t r a i n .  
p lo t t ed  i n  Figure 2 f o r  several specimens. Several  f ea tu re s  ind ica ted  t h a t  
t h e  behavior i s  not simple s t r a i n  hardening. 
i nd ica t e s  t h a t  t h e  hardening from cycle t o  cycle does not f i t  a normal parabolic 
hardening curve as i s  f requent ly  found f o r  metals; t h e  data would bet ter  f i t  
a near ly  l i n e a r  hardening curve. It can a l s o  be seen t h a t  t h e  data for 
Specimen FLU?-6, haken from a set of specimens previously tes ted ,25  showed 
very l i t t l e  increase  i n  stress through several cycles; t h i s  was a l a rge  
specimen and was t e s t e d  a t  1415°C, but otherwise t h e  procedure w a s  s imi l a r .  
Very s l i g h t  hardening was a l s o  seen for  a couple of o ther  specimens a t  1415'~. 
For t h e  specimens which exhibited the greatest hardening, t h e  bending became 
less uniform after several cycles; as t h e  gage sec t ion  became harder 
r e l a t i v e l y  more s t r a in  occurred i n  t h e  moment arm regions.  This e f f e c t  was 
less pronounced i n  those specimens exhib i t ing  l i m i t e d  hardening. 
I n  order t o  show t h e  e f f e c t  of 
These a r e  
The shape of t h e  curves 
For two of t h e  FLUX specimens, r e p l i c a s  were taken of a t  least one 
From surface after every cycle, f o r  examination i n  t h e  e l ec t ron  microscope. 
these ,  g ra in  growth w a s  observed during t h e  course of t h e  tests. 
comparison, a con t ro l  sample was  included i n  several of t h e  t e s t  cycles and 
s i m i l a r l y  r ep l i ca t ed  and examined. The grain s i ze  measured a f t e r  each cycle 
i s  p lo t t ed  i n  Figure 3a. These data suggest t h a t  some normal gra in  growth 
occurred f o r  these  materials, but t ha t  a d d i t i o n a l  growth occurred as a 
r e s u l t  of t h e  concurrent s t r a in ing .  The s t ra in  ra te  of FLUX-32 was higher 
than  f o r  FLUX-33 so t h e  time per  cycle was a c t u a l l y  somewhat s h o r t e r .  
For 
Some 
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Figure 2. Apparent S t r e s s  versus S t r a i n  Relations f o r  Multiple Rend 
Tests. The da ta  were taken from the  midpoint of each c::cle. 
The l e t t e r  ' C '  i s  shown on t h e  curves a t  the  s t r a i n  at which 
cracks were f i r s t  seen; t h e  l e t te r  'f' i s  also included a t  
t h e  s t r a i n  a t  which f r ac tu re  f i n a l l y  occurred. 
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of t h e  scat ter  and missing poin ts  a r e  accounted'for by t h e  f a c t  t h a t  t h e  
g ra in  s i z e  w a s  extremely d i f f i c u l t  t o  measure on some of t h e  compression 
sur faces  (e .g . ,  FLUX-32, #1). 
These da t a  have some uncertainty associated with t h e  p o s s i b i l i t i e s  
of loss  of dopant (MgO) from t h e  surface, surface contarnination from t h e  
furnace, and t h e  e f f e c t  of surface g ra in  boundary i n t e r a c t i o n s  r e s u l t i n g  i n  
higher gra in  boundary mobili ty.  To provide a l t e r n a t i v e  evaluation, t h e  two 
specimens were cross-sectioned, polished, etched and r ep l i ca t ed .  Photographs 
w e r e  taken a t  regular  i n t e r v a l s  through t h e  cross-section. 
s i z e ,  measured from these ,  i s  p lo t ted  as a function of pos i t i on  through t h e  
c ross -sec t ion  i n  Figure 3b. These r e s u l t s  i nd ica t e  an increase  i n  grain 
s ize  from t h e  center  out t o  eachslrface with maximum gra in  s i z e s  a t  t h e  
sur face  of about 3.0 and 3.7 for FLUX-32 and FLUX-33, respec t ive ly ,  
compared with a s t a r t i n g  gra in  s i ze  of about 1.8 p. 
s t r a i n  enhanced gra in  growth s ince  t h e  s t r a i n  i s  approximately zero a t  t h e  
center  and increases l i n e a r l y  t o  t h e  sur faces .  
tends t o  move toward t h e  concave surface so t h a t  i n  mul t ip le  bending it 
moves back and f o r t h  p a s t  t h e  center and t h e r e  i s  no region of zero s t r a i n . )  
A s i m i l a r  g ra in  s i z e  scan w a s  done f o r  Specimen  FLU^-6 and t h e  r e s u l t s  a r e  
included i n  Figure 6b; it is  seen tha t  t he re  i s  almost no gra in  s i z e  va r i a t ion  
i n  t h e  specimen and t h a t  t h e  f i n a l  g ra in  s i z e  of l.9j-1 i s  only s l i g h t l y  
l a r g e r  than t h e  i n i t i a l  value of 1.8 
The grain 
This i s  as expected f o r  
(Actually, t h e  n e u t r a l  axis 
f o r  t h i s  b i l l e t .  
Comparison with Figure 2 shows t h a t  considerable hardening occurred 
f o r  the  specimens which exhibited s t r a i n  enhanced gra in  growth, but t h a t  
very l i t t l e  hardening occurred f o r  t h e  specimen i n  which almost no gra in  
growth occurred; nominal grain s i ze  measurements ind ica ted  some growth a l s o  
occurred i n  FLUX-30 and FLUX-31. 
previous work a t  low s t r a i n s  shmed t h a t  a t  a constant s t r a i n  rate t h e  
stress increases approximately w i t h  t h e  square of t h e  gra in  s i z e .  
t h i s  dependence, most of t h e  observed hardening can be accounted f o r  by 
t h e  increase  i n  gra in  s i z e  during the  course of t h e  tests.  Because of t h e  
u n c e r t a i n t i t e s  i n  t h e  s t r e s s  calculations,  it cannot be determined whether 
t h e r e  i s  a n  add i t iona l  component of hardening; t h e  low r a t e  of hardening 
f o r  FLU5-6 suggests, however, t h a t  t h e  gra in  growth e f f e c t  i s  the  major 
cont r ibu t ion .  
This r e s u l t  i s  not su rp r i s ing  s ince  
U t i l i z i n g  
S t r a i n  enhanced gra in  growth i s  not p a r t i c u l a r l y  su rp r i s ing  
because t h e  stress concentrations and boundary jogs which t y p i c a l l y  r e s u l t  
from GBS must provide a s t rong  dr iv ing  force f o r  boundary migration. 
su rp r i s ing  feature i s  t h a t  it d id  not occur i n  a l l  of t h e  specimens. 
FLUX and n U 5 -  material were thought t o  be i d e n t i c a l  so t h a t  t h e r e  i s  
no known material d i f fe rence  t o  explain t h e  d i f f e rence .  
t h e  s l i g h t l y  lower temperature used f o r  FLU5 
reduced migration; it seems surprising, however, t h a t  t h e  e f f e c t  of a 3 5 ' ~  
d i f f e rence  would be so l a rge .  
seems apparent that when it does occur it may be enhanced by concurrent 
s t r a i n i n g  and t h a t  it causes a subs t an t i a l  hardening of t h e  material. 
The 
The 
It i s  poss ib le  t h a t  
i s  responsible f o r  t h e  
Although it i s  not c l e a r  why growth occurs, it 
The specimens were examined f o r  de tec t ion  of cracks a f t e r  each 
Cracks were seen t o  develop i n  specimens and grow t o  su rp r i s ing ly  
An example of t h e  growth of such a 
cyc le .  
l a r g e  s i z e s  before causing f rac ture .  
crack can be seen i n  Figure 4 which shows t h e  development of a r a t h e r  l a rge  
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Figure 4. crack Seen i n  Surface of Specimen FLUX-30 During 
Multiple Bending, ( a )  A f t e r  Bend No. 2, (b )  After 
Bend No. 4. 
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crack and t h e  formation of s eve ra l  smaller ones. 
as these grow s u f f i c i e n t l y  l a rge  t h a t  a rap id ,  apparently b r i t t l e  propagation 
occurs causing f r a c t u r e  of t h e  specimen. Examination of t h e  specimens 
ind ica ted  t h e  cracks tended t o  form i n  areas which could be i n i t i a l l y  
i d e n t i f i e d  as discolored spots  i n  the specimens. These a re  thought t o  
contain r e s i d u a l  pore nes t s  a t  t h e i r  cen ter  although some of them may 
conta in  impur i t ies  a l so .  
Eventually cracks such 
On t h e  curves i n  Figure 3, t h e  l e t te r  C i s  used t o  ind ica t e  t h e  
s t r a i n  after which cracks were f i r s t  seen i n  t h e  various specimens. I n  
addi t ion ,  t h e  l e t t e r  F i s  used t o  ind ica t e  the s t r a i n  a t  which f r a c t u r e  
occurred. 
about t h e  stress values, caution should be used i n  evaluating these  r e s u l t s .  
A t  t h e  very l e a s t ,  it appears ce r t a in  t h a t  a t  lower s t r a i n  r a t e s  and s t r e s s e s ,  
more s t r a i n  i s  poss ib le  before visible cracks develop. Further,  it seemed 
q u a l i t a t i v e l y  as though t h e  r a t e  of growth w a s  more rapid a t  higher r a t e s .  
Some of t h e  s c a t t e r  of these da ta  were a l s o  explained by var ia t ions  i n  t h e  
s e v e r i t y  of such defec ts  i n  t h e  specimens. It could be infer red  from these  
data t h a t  cracking did not appear u n t i l  a f t e r  t h e  s t r e s s  b u i l t  up t o  a value 
i n  excess of 10,000 p s i ;  such a conclusion i s  not warranted by the  l imi ted  
data a t  hand. 
Because of t h e  l i m i t e d  number of po in t s  and t h e  uncer ta in ty  
2.  S t r a i n  Rate - Grain Size Dependence 
A s  previously discussed, t h e r e  i s  considerable evidence t o  
ind ica t e  t ha t  a s  t h e  gra in  s i z e  is  decreased i n  ~ 1 2 0 3 ,  t he re  i s  a s h i f t  i n  
t h e  s t r a i n  r a t e  was found t o  be proportional t o  G-2-5; t h i s  non-integral  value 
may be representa t ive  of a t r a n s i t i o n  between two mechanisms. I n  order t o  
c l a r i f y  t h i s  po in t  a series of change-of-rate t e s t s  were done f o r  two mater ia l s  
t o  confirm and extend t h e  previous da t a .  The tests were done by s t r a i n i n g  
the  specimens a t  a constant rate u n t i l  a constant flow s t r e s s  was obtained 
and then  increas ing  t h e  rate i n  increments and holding u n t i l  a new constant 
flow s t r e s s  was achieved. 
t h e  con t ro l l i ng  mechanism from d i f fus iona l  creep t o  GBS. I n  previous work 25 
Two d i f f e r e n t  s t a r t i n g  m a t e r i a l s  were each tested a t  t h ree  tempera- 
t u r e s .  After t h e  tests most of the  specimens were f rac tured  and t h e  f r ac tu re  
surface r ep l i ca t ed  f o r  grain s i z e  measurement i n  t h e  e l ec t ron  microscope. 
A hot pressed b i l l e t ,  C E ~ C ,  of ~ 1 2 0 3  + 1/4$ MgO was used which had an  
average gra in  s i z e  a f t e r  t e s t i n g  of 1.2 )I; t h i s  i s  f i n e r  than any of t h e  
mater ia l s  previously inves t iga ted  and w a s  tested between 1251°C and 1 4 1 5 O c .  
To confirm previous work a batch of specimens of s in t e red  A 1 2 0  
g ra in  s i z e  of 15  ).I. 
a s  described i n  t h e  Appendix, f o r  these conditions s t r a i n  hardening was taken 
t o  be negl ig ib le .  
+ 1/4$ MgO 
were obtained and tested i n  the  range 1564Oc t o  175O0C; t hese  2 ad an average 
The load-deflection curves were reduced us ing  equation A 1  
The r e s u l t s  a r e  presented i n  logarithmic p l o t s  of stress versus 
s t r a i n  r a t e  i n  Figures 5 and 6. The da ta  generally agreed with t h e  previous 
resu l t s25  i n  t h a t  t h e  f i n e r  grained materials had lower values of m than t h e  
coarse grained ones. 
0.71 which was s l i g h t l y  higher than t h e  0 . 6 1 t o  0.66 found i n  t h e  previous 
work f o r  1.8 
con t r a s t  t o  values of 0.8 previously measured. 
For t h e  f i n e  grained ma te r i a l ,  m w a s  between 0.65 and 
material. For t h e  15 )1 s in t e red  specimens, m was about 0.9 i n  
Thesemay r e f l e c t  d i f fe rences  
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i n  f r i c t i o n a l  or other  e f f e c t s  s ince  t h e  previous work was done i n  a 
d i f f e r e n t  f i x t u r e  i n  an a i r  furnace. 
Activation energies were determined f o r  t hese  mater ia l s  by 
p l o t t i n g  the  s t r a i n  r a t e  a t  5000 p s i  versus 1 /T.  
curve, Figure 7, which includes e a r l i e r  work f o r  comparison. It can be 
seen t h a t  t h e  s in t e red  ma te r i a l  has e s s e n t i a l l y  t h e  same a c t i v a t i o n  energy, 
but t h a t  it had a much lower s t r a i n  r a t e  than t h e  14p mate r i a l  previously 
t e s t e d .  
s l i g h t l y  coarser mater ia l s  i n  keeping with t h e  general t r end ,  bu t  it was not 
found t o  have a higher s t r a i n  r a t e  as would have been expected. 
These a r e  p lo t t ed  on a 
The f i n e  grained material had a l w e r  a c t i v a t i o n  energy than f o r  
For t h e  f i n e  grained material  t h e  specimens t e s t e d  a t  1415OC had 
a gra in  s i z e  about 1% higher than those tested a t  1251OC. This i s  probably 
i n d i c a t i v e  of some gra in  growth a t  the higher temperatures; t h i s  would 
cont r ibu te  somewhat t o  t h e  low value of a c t i v a t i o n  energy. Normalizing f o r  
t h i s  a f f e c t ,  assuming a gra in  s i z e  dependence of G - 2 * 5 ,  would r a i s e  
A H t o  107 Kcal/mol from 99 Kcal/mol. 
A f u r t h e r  i nd ica t ion  of t h i s  dependence of a c t i v a t i o n  energy on 
gra in  s i z e  can be seen i n  Figure 8 i n  which t h e  a c t i v a t i o n  energies determined 
f o r  deformation are p lo t t ed  aga ins t  t h e  ra '  s i z e .  For comparison, t h e  
da ta  from seve ra l  o ther  investigators29, go, #953 has been included. It can 
be seen t h a t  t h e  t rend  continues t o  large gra in  s i z e s  where a value of 185 
Kcal/mol was found f o r  100 p mater ia l  i n  cont ras t  with a value of about 
100 Kcal/mol f o r  11.2 material. The data a t  coarser grain s i z e s  were taken 
a t  higher temperatures s o  t h a t  a dependence on temperature would be r e f l e c t e d  
a s  a gra in  s i z e  dependence. Examination of Figure 7 ind ica t e s  t h a t  t h e  ac t iva  
t i o n  energy was independent of temperature f o r  each mater ia l ;  fu r the r ,  t h e r e  
i s  s u f f i c i e n t  overlap of various of t h e  da ta  t h a t  it i s  thought t h a t  t h e  
t rend  r e f l ec t ed  i s  pr imar i ly  a r e f l ec t ion  of a gra in  s i z e  dependence, not a 
temperature dependence of a c t i v a t i o n  energy. The specimens marked CR i n  
Figure 7 had a duplex microstructure andwere thought t o  be a t y p i c a l  so poor 
agreement with these  specimens i s  discounted somewhat. 
which does not f i t  adequately i s  t h a t  a t  3 p; t he re  i s  no known explanation 
f o r  t h i s .  
The only o ther  point 
The d i f fe rence  i n  s t r a i n  r a t e  f o r  t h e  two mater ia l s  tested here 
This  
can be seen b e t t e r  i n  Figure 9 where t h e  gra in  s i z e - s t r a i n  r a t e  dependence i s  
p lo t t ed  f o r  t h e  present da ta  i n  comparison with previous r e su l t s .25  
p l o t  was obtained by t ak ing  t h e  s t r a i n  rate f o r  each material from t h e  curves 
i n  Figure 7 a t  a temperature of 15280~. It can be seen t h a t  the  present data 
a r e  a t  a f a c t o r  t h r e e  t o  f i v e  lower s t r a i n  r a t e  than would be predicted from 
t h e  previous r e s u l t s .  The cause of t h i s  i s  not known. 
f o r  t h e  two sets of tests were e s s e n t i a l l y  similar as were t h e  a n a l y t i c a l  
techniques and assumptions, except f o r  t h e  f a c t  t h a t  t h e  previous tests 
were performed i n  a d i f f e r e n t  furnace i n  an  a i r  atmosphere i n  cont ras t  with 
t h e  present tests which were done i n  commercial grade argon. It i s  perhaps 
poss ib le  t h a t  t h e  defec t  concentration i n  A1203 could be reduced i n  t h e  lower 
oxygen pressure and cause a reduction i n  t h e  d i f f u s i v i t y  s u f f i c i e n t  t o  cause 
such a reduction i n  s t r a i n  r a t e ,  t h i s  cannot be accepted a s  t h e  cause without 
g r e a t e r  assurance t h a t  t h e  samples are not otherwise d i f f e r e n t .  
The tes t  procedures 
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TEMPERATURE, OC 
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Figure 7. S t r a in  Rate versus 1/T Showing the  Activation Energy 
f o r  Deformation. The present r e s u l t s  a r e  denoted by 
f i l l e d  symbols and are shown i n  comparison with 
previous work. 5 
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The s in te red  mater ia ls  a r e  nominally the  same, although they 
a r e  from d i f f e ren t  batches and may contain an unknown d i f fe rence  such as 
an impurity phase a t  the  boundaries; t h i s  should be invest igated by 
comparing specimens from t h e  two d i f f e ren t  batches.  The two hot pressed 
mater ia l s  were both made from s imi la r  grades of A1203 powder and using s imi l a r  
techniques.  The previous mater ia l ,  B i l l e t  FLm, had a dark color i n  comparison 
with c126c which was  l i g h t  grey. 
by a difference i n  the  carbon content r e s u l t i n g  from s l i g h t  differences i n  
the  preparat ion techniques.  
content i n  t h e  range of O.O5-O.l$, whereas t h a t  f o r  t he  grey mater ia l  would 
be somewhat l e s s  than th i s .*  A quant i ta t ive  comparison of t he  two mater ia l s  
must be done before  t h i s  e f f e c t  can be evaluated with confidence. 
This d i f fe rence  i s  thought t o  be caused 
The dark color  of t h e  FLU5 may indica te  a carbon 
The present r e s u l t s  do not provide c l a r i f i c a t i o n  of t h e  grain s i z e  
dependence which was ant ic ipa ted .  Nevertheless, t h e  r e s u l t s  a r e  suggestive 
of e i t h e r  a compositional e f f e c t  or an atmosphere e f f e c t  on deformation r a t e .  
These warrant f u r t h e r  ana lys i s  s ince e i t h e r  explanation has considerable 
importance on the  i d e n t i f i c a t i o n  of the deformation mechanisms and a l s o  
p r a c t i c a l  a f f e c t s  on forging. The p o s s i b i l i t y  of an e f f e c t  from carbon i s  
qui te  i n t e r e s t i n g  s ince  it would be expected t h a t  t h i s  would have a considerable 
inf luence on t h e  tendency f o r  cavi ta t ion  during deformation because of t h e  
development of an i n t e r n a l  gas pressure. 
3. Fracture  S t ress -St ra in  Rate DeDendence 
The mult iple  bend t e s t s  have ind ica ted  t h a t  r a the r  la rge  cracks can 
grow i n  a s t a b l e  mode during deformation of a sample. 
s u f f i c i e n t l y  l a rge  t h a t  they propagate rap id ly  leading t o  f a i l u r e  of t h e  specimen. 
I n  order t o  provide f u r t h e r  information with which t o  evaluate t h e  formation 
and propagation of these  cracks, tests t o  determine t h e  e f f e c t  of s t r a i n  r a t e  
on f r a c t u r e  stress have been conducted a t  1415'~. 
Eventually these become 
A s e r i e s  of constant s t r a i n  rate t e s t s  were run over a range of 
s t r a i n  r a t e s  which was s u f f i c i e n t l y  broad t h a t  e s s e n t i a l l y  b r i t t l e  f r a c t u r e  
resu l ted  a t  t h e  high end and fully p l a s t i c  behavior occurred a t  t h e  low end. 
The specimens were a l l  from a b i l l e t ,  C79 of A1203 + 0.1% MgO hot pressed 
t o  over 99.746 dens i ty  which had an average gra in  s i z e  of 2.5 )1. The load 
def lec t ion  curves a r e  being analyzed using equation (Al) so t h a t  the  t r u e  
stress a t  f r a c t u r e  can be determined and t h e  e f f e c t s  evaluated both with respect  
t o  the  e f f e c t  of s t r a i n  rate per  se and t h e  e f f e c t  of s t r a i n  on f r a c t u r e .  
Since these  analyses are not ye t  complete, t h e  approximate f r a c t u r e  
s t r e s s e s  determined from t h e  e l a s t i c  formula are presented i n  Figure 10. 
The poin ts  marked f r ac tu re  stress a re  f o r  specimens which f a i l e d  with l i t t l e  
if any p l a s t i c  s t r a i n  s ince  the  steady-state f l a w  s t r e s s  would have been i n  
excess of t h e  f r a c t u r e  stress. 
specimens f o r  which t h e  f lm s t r e s s  i s  l e s s  than t h e  f r ac tu re  s t r e s s  and 
f a i l u r e  had not occurred before t h e  t e s t  was terminated a t  an outer  f i b e r  
s t r a i n  i n  excess of 4$. 
a t  t h e  same s t r a i n  r a t e  and no s igni f icant  hardening developed. 
The points marked y i e ld  s t r e s s  a r e  f o r  
The two a t  lower s t r a i n  r a t e s  were rebent s eve ra l  times 
Small cracks 
* Pr iva te  communication, John E. Niesse, Avco Corp. 
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could be seen i n  the  t e n s i l e  surface of t he  specimen a t  4 x 10-5 s e c - l  
a f t e r  the  i n i t i a l  t e s t ,  i n  the  surface of the  specimen a t  2 x 10-5 sec- l  
a f t e r  t he  second t e s t  and i n  t he  slowest one a f t e r  t he  t h i r d  cycle.  
The specimens t e s t ed  above sec-1 showed e s s e n t i a l l y  no 
devia t ion  from e l a s t i c  behavior a t  f rac ture  whereas those a t  lower r a t e s  
exhibited increasing deviat ion from e l a s t i c  behavior before f r ac tu re .  For 
the  l a t t e r  ones the  a c t u a l  stresses a r e  s l i g h t l y  lower than those shown. 
The s c a t t e r  i n  the  da ta  preclude a determination of t he  s t r a i n  r a t e  e f f e c t  
on the  f r a c t u r e  stresses. 
s ignif icance and ca lcu la t ion  of t h e  corrected s t r e s s e s  a r e  required t o  
provide accuracy. 
More data points  a r e  necessary t o  obtain s t a t i s t i c a l  
B. Forging ESrperiments 
Four forgings of fine-grained ~ 1 2 0 3  were done t o  compliment and provide 
guidance t o  t h e  mechanical t e s t i n g  and t o  assess  some of the  engineering 
and equipment problems t o  be expected. 
which were desired t o  provide an assessment of microstructural  e f f e c t s .  The 
o ther  two were attempts t o  deep draw a 1-inch radius  hemisphere from a 3-inch 
diameter blank. A l l  of t he  forgings were done on doped A1203  preforms which 
had been hot pressed t o  grea te r  than 99.7% densi ty  and had grain s i zes  of 
Two of them were simple upset forgings 
2-3 p. 
The forgings w e r e  done i n  modified hot press ing  equipment which have 
hydraulic presses .  All of t h e  punches, d i e s  and load t r a i n  were graphi te .  
The mechanical t e s t i n g  has indicated t h a t  cracking and f r a c t u r e  a r e  extremely 
s e n s i t i v e  t o  s t r a i n  r a t e .  It i s  important then t h a t  t h e  punch speed be 
control led during t h e  run t o  provide t h e  desired speed. 
type of equipment i s  load controlled t h i s  requires  some modification of 
e x i s t i n g  operating techniques t o  achieve this condition. 
were desired i n  p a r t  t o  provide experience i n  t h i s  type of operation and t o  
i d e n t i f y  any other  problems. 
Since most of t h i s  
These e a r l y  forgings 
The two upset forgings w e r e  done i n  a modified hot pressing apparatus 
arranged so the re  was no s i d e  constraint  on t h e  pieces .  
a t  145OoC with a t a r g e t  s t r a i n  rate of 4 x 10-5 sec - l .  
a r e  s imi l a r  t o  t h 0 s e . h  which t h e  bend t e s t i n g  has indicated highly r a t e -  
s ens i t i ve  deformation r e s u l t i n g  from GBS. 
enough t h a t  rapid grain growth is  not expected. 
Both tests were done 
These conditions 
This temperature i s  a l s o  low 
One of t h e  pieces  was forged t o  16% height reduction and had a nominal 
L/D r a t i o  of 0.72 a t  t he  end. 
by t h e  end of t h e  s t roke.  
The second piece was forged t o  a reduction of 38$ and required a pressure 
of about 8,100 p s i  by t h e  end; it had a f i n a l  L/D r a t i o  of 0.63. Because 
of differences i n  i n i t i a l  grain s ize ,  d i e  fac ing  mater ia l s ,  and aspect 
r a t i o ,  t h e  d i f fe rence  i n  pressure between the  two is  not an ind ica t ion  of 
s t r a i n  hardening. 
This required a pressure of about 5,000 p s i  
This piece had no v i s i b l e  damage a f t e r  forging. 
The 38% forging was somewhat assymetric because of corner hang-up on 
one s i d e .  Examination of t h e  surface revealed seve ra l  s m a l l  cracks on t h e  
s ides ,  examples of which a r e  shown i n  Figure 11. These cracks or iginated 
i n  small regions containing severa l  l a rge  grains.  These la rge  grains  were 
-33 - 
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Figure 11. Small Cracks Seen i n  t h e  Side of Specimen Jc-1474 
After Forging t o  38% Height Reduction. 
are Associated with Small Patches of Coarse-Grained 
Material which are  Seen t o  have been Extruded out 
of t h e  Surface. 
The Cracks 
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extruded out from t h e  sur face  a s  can be seen i n  t h e  photographs. 
a t  l e a s t  r a t h e r  encouraging t h a t  t h e  cracks did not propagate far from 
t h e  defec t  areas. 
It i s  
The i n i t i a l  attempt t o  deep draw a hemisphere was a t  15G0°C with a 
t a r g e t  s t r a i n  ra te  of 4 x 10-5 sec - l .  
thickness and 3 inch diameter was used; it had a 3 p gra in  s i z e .  
and d i e  were both graphite and had a coating of BN t o  provide lub r i ca t ion  
and separation; t h e  d i e  had a 40' entrance angle.  Several  problems i n  
maintaining t h e  necessary cont ro l  of t h e  t r a v e l  rate and load were ind ica ted  
during t h e  run. The piece was broken i n t o  seve ra l  pieces;  examination 
ind ica ted  t h a t  t h e  probable cause of cracking was excessive stress o r  s t r a i n  
r a t e .  It i s  thought t h a t  t h i s  was aggrevated by f luc tua t ions  of t h e  s t r a i n  
r a t e  above t h e  nominal. 
A hot pressed preform of 0.080 inch 
The punch 
The second attempt was with a s imi l a r  preform and tool ing ,  except 
t h a t  t h e  punch face w a s  not lubricated t o  reduce s t i c k i n g  during drawing. 
It was run a t  t h e  same nominal s t ra in  rate, but t h e  temperature w a s  increased 
t o  1625Oc s ince  t h e  s t a r t i n g  grain s i ze  w a s  3 p. 
however, as seen i n  Figure 12, t he re  were some t e a r s  i n  t h e  surface of t he  
apex and some small cracks on t h e  inner sur face  e spec ia l ly  near t h e  skirt 
where t h e  bending had been most severe. 
and found t o  be about 7.4% a t  t h e  apex and a maximum of near ly  10% about 
1/2 inch away from t h e  apex; a t  t h e  outside thickening occurred with about 
6.2% a t  t h e  corner and about 7.4% i n  t h e  s k i r t .  
outs ide  surface were "hard" a reas  which d id  not deform and now stand proud 
of t h e  surface,  f requent ly  with a t h in  area surrounding them; t h e  cause of 
t h i s  has not been i d e n t i f i e d .  The r e s u l t s  of t hese  i n i t i a l  forg ing  attempts 
were encouraging even though some tear ing  and separa t ion  a t  grain boundaries 
( see  next s ec t ion )  occurred. 
f e a s i b l e  a t  r e l a t i v e l y  low temperatures, e .g . ,  145Ooc, and it was ind ica ted  
t h a t  hemispheres could be drawn a t  modest temperatures. It i s  thought t h a t  
using f i n e r  grained s t a r t i n g  materials and optimizing t h e  t r a v e l  schedule 
should allow successful drawing of hemispheres a t  r e l a t i v e l y  low temperatures. 
The p iece  was not broken; 
The th inning  s t r a i n s  were measured 
The dark spots  seen on t h e  
Subs tan t ia l  reductions were ind ica ted  t o  be 
C.  Microstructural  Evaluation 
Microstructural  examination of t h e  bend specimens and upset forgings 
was done i n  order t o  evaluate deformation mechanisms and causes of f r a c t u r e .  
Although some l i g h t  microscopy w a s  done, most of t h e  work was e l ec t ron  
microscopy of r ep l i cas  because of the  f i n e  gra in  sizes; t h e  as-deformed 
surfaces w e r e  extensively investigated and t h i s  was augmented with examination 
of polished and etched sec t ions .  A standard double r e p l i c a t i o n  and shadowing 
technique was used t o  prepare a l l  r ep l i cas  examined. 
d i f f r a c t i o n  measurement of crystallographic o r i en ta t ion  was performed f o r  one 
of t h e  forged p ieces .  
F ina l ly ,  an x-ray 
1. Deformation Features 
The as-deformed sur faces  were examined f o r  many of t h e  bend bars ,  
and f o r  two specimens, r e p l i c a s  were taken after each bend cycle. These 
revealed many i n t e r e s t i n g  f ea tu res  providing evidence of s l i d i n g  of gra in  
boundaries and a l s o  sane evidence of s l i p .  There were some d i f fe rences  among 
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t h e  various ba r s  which suggested tha t  t h e  degree of sur face  etching and 
r e t e n t i o n  of f ea tu res  was s e n s i t i v e  t o  t h e  vapor spec ies  i n  t h e  furnace 
atmosphere. 
I n  t h e  multiple bending t e s t s ,  t h e  t e n s i l e  sur faces  generally 
took much longer t o  develop deformation sur face  f ea tu res  than d id  t h e  
compression ones. The t e n s i l e  surfaces appeared only s l i g h t l y  d i f f e r e n t  
than untested,  thermally etched samples f o r  t h e  f irst  f e w  cycles whereas 
t h e  compression surfaces w e r e  extremely irregular even a f t e r  t h e  f irst  cycle.  
Af te r  subsequent cycles, t h e  faces  began t o  look more s i m i l a r ;  however, t h e  
compressive surfaces always exhibited more sur face  f ea tu res  (thermal 
e tch ing  excepted) and more i r r e g u l a r  boundaries. 
Specimen FLUX-33 can be seen i n  Figures 13 and 14. 
d i f fe rences  are not f u l l y  understood; it is  thought poss ib le  t h a t  d i f fe rences  
i n  t h e  atmosphere d i r e c t l y  a t  each surface may a l ter  t h e  r a t e  of thermal 
etching. 
behavior i n  tens ion  and compression, but t h e r e  i s  no supportive evidence f o r  
t h i s  a t  present .  
Examples of thrls from 
The causes of t hese  
It i s  a l s o  poss ib le  t h a t  t h e  d i f fe rences  reflect d i f fe rences  i n  
%amination of t hese  indicated considerable evidence of shear 
along t h e  grain boundaries. Offset t r i p l e  po in t s  were f requent ly  seen and 
i n  t h e  la te r  s tages  of bending extremely d i s t o r t e d  ones were sometimes seen 
such as are shown i n  Figure 15.  
generally rather wavy, sometimes were e -en  corrugated; a t  higher deformations, 
t h e  boundary regions o f t en  appeared wide and r a t h e r  i n d i s t i n c t  suggesting 
extensive shear and migration. 
d i s t o r t i o n s ,  such as those seen i n  Figure l5a, may be more l i k e l y  t o  occur as 
a r e s u l t  of a l t e r n a t i n g  s t r a i n  than i n  un id i r ec t iona l  s t r a i n .  Some of t h e  
i r r e g u l a r i t y  of t h e  compression surfaces were caused by r o t a t i o n  of gra ins  
out of t h e  sur face  by boundary s l id ing .  
It can a l s o  be seen t h a t  the boundarieswere 
It i s  thought t h a t  extreme t r i p l e  poin t  
Polished and etched sections exhibited similar f ea tu res  i n d i c a t i v e  
of boundary s l id ing .  
mechanical and chemical polishing, d i s to r t ed  t r i p l e  po in t s  and boundary 
corrugations w e r q  i n  evidence. I n  addition wide or 'double' boundaries 
were f requent ly  seen. A s  seen i n  these f igures ,  most of t h e  boundaries do 
not genera l ly  appear as badly d i s to r t ed  as suggested by t h e  surface r e p l i c a s .  
It i s  thought t h a t  contamination of the sur face  from t h e  furnace atmosphere 
may have r e su l t ed  i n  pick-up of mater ia l  which inh ib i t ed  boundary migration 
thus reducing t h e  rate of recovery of t hese  high energy f ea tu res .  
As seen i n  Figure 16, f o r  specimens prepared both by 
The upset forged p ieces  revealed many f ea tu res  s imi l a r  t o  those 
Examples are shown i n  Figure 17 of cross found i n  t h e  f l exure  specimens. 
sec t ions  from pieces upset 1 6  and 38$. 
can be seen i n  each as w e l l  as t h e  'double' boundaries. I n  t h e  piece forged 
t o  38% reduction some evidence of micros t ruc tura l  t e x t u r e s  was a l s o  evident 
as can be seen from t h e  elongated appearance of t h e  gra ins  i n  Figure 18. 
Offset and d i s t o r t e d  t r i p l e  junctions 
The cause of these  'double' boundaries i s  not f u l l y  understood, 
but they  are thought t o  be r e l a t e d  t.0 t h e  loca l ized  shear  r e s u l t i n g  from 
boundary s l i d i n g .  
angle boundaries; transmission e lec t ron  microscopy should provide i n s i g h t  
i n t o  t h i s  problem. 
It i s  poss ib le  tha t  they  are d i s loca t ion  networks or  low 
-37- 
Figure 13. Compressive and Tensi le  Surfaces After the  1st and 
2nd Cycles, Respectively, f o r  Specimen FLUX-33. 
-38- 
Figure 14.  Compressive and Tensi le  Surface After  t h e  6 t h  Cycle 
f o r  Specimen FLUX-33. 
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if69948 (a ) 30, OOOX 
Figure 1 5 .  Surface Replicas Showing Dis tor ted  Boundaries and 
Tr ip l e  Grain Junct ions.  
t h e  compressive sur face  of FLUX-32 a f t e r  t h e  t h i r d  
cycle  and t h e  lower i s  from t h e  t e n s i l e  sur face  of 
FLUX-33 a f t e r  the s i x t h  cycle .  
The t o p  f i g u r e  ( a )  i s  from 
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#702 54 (a ) 30,  OOOX 
#70262 (b ) 30,OOOX 
Figure 16. Polished and Etched Cross-Sections from Specimen FLUX-30 
Showing Distorted Boundaries and T r i p l e  Junct ions.  
t op  sec t ion  ( a )  w a s  mechanically polished and etched 
The 
H3PO3). The lower sec t ion  was chemically polished 
and then etched (H3PO3). 
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#TO401 (4 30, OOOX 
#70408 (b) 15, ooox 
Figure 17. Microstructures Showing Deformation Features in Samples 
JC-1469 and JC-1474 Forged to 16% and 38% Reduction at 
145O0C. The plane of the cross-section is parallel to 
the forging direction for both. Specimen JC-1469 was 
chemically polished (Na2B407) and etched (~~207); 
specimen Jc-1474 was mechanically polished and etched 
(H3pO3 1 
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#70407 7,500x 
Figure 18. Cross-Section of Specimen Jc-1474 Forged t o  38% 
Reduction Showing Microstructural  Texture. Specimen 
mechanically polished and etched ( H  PO3). Cross- 
s e c t i o n  i s  p a r a l l e l  t o  t h e  forging d i r e c t i o n .  
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There were seve ra l  indications of s l i p  i n  t h e  surface r e p l i c a s ;  
however, t h i s  was much less abundant than t h e  evidence f o r  boundary s l i d i n g .  
This i s  not su rp r i s ing  i n  v i e w  of the  r e l a t i v e  ease with which surface 
s t e p s  and s imi l a r  evidence of s l i p  bands can be removed by thermal e tch ing  
of t h e  sur face  or by gra in  boundary migration. Some evidence was seen, 
however, of sur face  s t eps  which were extremely suggestive of s l i p  band 
emergence. Examples of t h i s  from the  compression sur faces  of two specimens 
a r e  shown i n  Figure 19. Figure l5a shows some similar s t eps  and i n  add i t ion  
has a boundary with two sharp s teps  i n  it; these  are suggestive of a s l i p  
band, boundary in t e r sec t ion .  Finally,  p ro t rus ions  were sometimes seen 
extending out of a gra in  and penetrating i n t o  t h e  adjacent one; an  example 
of t h i s  i s  shown i n  Figure 20. These are a l s o  suggestive of t he  emergence 
of f i n e  s l i p  bands and t h e i r  penetration i n t o  neighboring grains.  
Direct 
more d i f f i c u l t  t o  obtain.  
a r e  l a r g e r  than t h e  grain s i z e  of the  present mater ia l .  
etches and conditions were used here t o  attempt t o  being out p i t s  or i n d i c a t e  
d i s loca t ion  networks. Under some conditions l i g h t  l i n e s  were seen i n  gra ins ,  
see  f o r  ins tance  Figure l7a, and a t  high magnification these  o f t en  have small 
p i t s  along them, a s  can be seen i n  Figure 21. I n  addi t ion ,  t he re  i s  o f t en  
a small jog i n  t h e  boundary where such l i n e s  i n t e r s e c t  it. It i s  thought 
l i k e l y  t h a t  these  l i n e s  a r e  t r a c e s  of d i s loca t ion  a r rays  or networks. It 
should be noted t h a t  t h i s  specimen was chemical polished and etched without 
any mechanical grinding so t h a t  no pol i sh ing  damage would be induced. 
evidence of s l i p  i n  t h e  polished and etched sec t ions  i s  
Usual etch p i t  techniques give e tch  p i t s  which 
Several d i f f e r e n t  
2. Cavitation and Cracking 
The occurrence of cavi ta t ion  a t  gra in  boundaries, p a r t i c u l a r l y  a t  
t r i p l e  po in ts  was evident during examination of these specimens. This has, 
of course, been f requent ly  observed i n  creep tests of t h e  oxides. Examples 
of t hese  can be seen i n  Figure 22 which i s  a cross-section of a mul t ip le  bend 
specimen af ter  3% t o t a l  s t r a i n  i n  f ive cycles;  although t h i s  region had 
a high dens i ty  of c a v i t i e s  they were c e r t a i n l y  not found a t  a l l  of t h e  
gra ins  ind ica t ing  t h a t  considerable s l i d i n g  can occur without cavi ty  formation. 
The specimen forged t o  3 4  reduction exhibited a considerable 
The amount of separa t ion  a t  t r i p l e  points as can be seen i n  Figure 18. 
specimen which received only 16$ reduction exhibited r e l a t i v e l y  l i t t l e  
separa t ion  of t h i s  ty-pe. 
s o  it i s  not c e r t a i n  t h a t  t h e  difference i s  e n t i r e l y  a r e s u l t  of t h e  increased 
s t r a i n .  
ind ica ted  t h a t  cav i t a t ion  was more extensive af ter  un id i r ec t iona l  s t r a i n i n g  
than  a f t e r  a l t e r n a t e  s t r a in ing .  
previous program,8 t o  3576 and 37$ reduction a t  1425OC and a t  a somewhat 
higher rate revealed many e s sen t i a l ly  similar f ea tu res ,  including grain 
elongation, with t h e  exception t h a t  t h e r e  w a s  very much l e s s  i n t e rg ranu la r  
separa t ion .  These two specimens had lower L/D r a t i o s ,  about 0.27, which 
r e s u l t s  i n  a s i g n i f i c a n t l y  highe f r i c t i o n a l  cons t ra in t  and e f f e c t i v e l y  
produces a hydros ta t ic  pressure.  54 Comparison among t h e  various specimens 
suggests t h a t  t h e  amount of cavi ta t ion  i s  worse f o r  un id i r ec t iona l  than 
a l t e r n a t i n g  s t r a i n  and i s  decreased with increas ing  hydros ta t ic  compression; 
it i s  presumably most severe i n  tension. 
The two pieces were taken from d i f f e r e n t  b i l l e t s  
Comparison of t h i s  forged specimen with t h e  mul t ip le  bend specimens 
Examination of two specimens forged on a 
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*99& (4 30, OOOX 
#59105 3 (b) 30, OOOX 
Figure 19. Fine Surface Steps Seen Primari ly  on Compression 
Surfaces which are Suggestive of Fine S l i p  Bands. 
The t o p  f igu re  i s  from t h e  compression surface of 
FLUX-32 a f t e r  the t h i r d  cycle;  t h e  lower one i s  
from t h e  compressive sur face  of FLUX-33 a f t e r  t h e  
s i x t h  cycle .  
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30, OOOX iW91057 
Figure 20. Protrusions a t  a Grain Face Extending i n t o  a 
Neighboring Grain.  
6 t h  cycle .  
Tensi le  Surface of FLUX-33, 
#70405 45, ooox 
Figure 21. Microstructure from Specimen Jc-1469 Showing Faint  
Lines and P i t s  Which a r e  Thought t o  be Traces of a 
Dislocat ion Network. 
s l i g h t l y  jogged where t h e  l i n e  i n t e r s e c t s  i t .  The 
Note t h e  gra in  boundary i s  
specimen w a s  chemically polished (Na,B407) and etched 
( ~ 2 ~ 2 0 7  1. 
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Figure 22. Microstructure of Specimen FLUX-30, Which Broke i n  
t h e  5 th  Cycle, Showing a Region with a High Density 
of Grain Boundary Cavities. 
(Na2B49) and etched (H3PO3). 
Chemically polished 
6 2 6 8 - 2  
Figure 23. Intergra 11 r Cracking i n  Specaen  FI 
Four Bend Cycles. 
K- 
500x 
2, After 
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I n  examination of the  multiple t e s t  bars ,  patches were seen 
which had a much higher than average dens i ty  of i n t e rg ranu la r  cracks. 
example of t h i s  i s  shown i n  Figure 23. 
t h i s  specimen, t he re  were no v i s ib l e  cracks i n  t h e  sur faces ;  it can be seen 
t h a t  t h i s  region i s  very nearly t o  t h e  point t h a t  a visible crack would 
develop. 
development of t h e  s m a l l  cracks. The development of t hese  small cracks 
was o f t en  observed i n  regions which w e r e  i n i t i a l l y  i d e n t i f i a b l e  by a d i s -  
colored spot (sometimes darker,  sometimes l i g h t e r ) ;  it i s  thought l i k e l y  
t h a t  pore nes t s  or impur i t ies  or both are o f t en  responsible f o r  t he  
i n i t i a t i o n  of t hese  cracks. 
many of t h e  multiple bend bars was a r e s u l t  of i n i t i a t i o n  and growth of 
cracks i n  i n i t i a l l y  defec t ive  areas.  
An 
When t e s t i n g  was discontinued on 
A presumably s imi l a r  occurrence can be seen i n  Figure 4 i n  t h e  
T h i s  suggests t h a t  t h e  s t r a i n  l imi t a t ions  i n  
3. Crystallographic Texture 
To gain an add i t iona l  ind ica t ion  of t h e  cont r ibu t ion  of s l i p  t o  
t h e  deformation, t h e  specimen forged t o  38$ was analyzed f o r  prefer red  
c rys ta l lographic  o r i en ta t ion  by an x-ray d i f f r a c t i o n  technique which has 
been developed and used on previous programs . 9 9  55 
t e x t u r e  can be described by what i s  e s s e n t i a l l y  an azimuthally averaged, 
inverse  pole  f igu re .  I n  t h i s  procedure t h e  r e l a t i v e  population dens i ty  of 
d i f f e r e n t  planes i s  p lo t t ed  against t h e  angle between these  planes and t h e  
basal (000.1) plane. With proper normalization t h i s  i s  then a l s o  a p l o t  
of t h e  population dens i ty  of t h e  basa l  planes a t  t h e  same angle from t h e  
reference surface.  
The c rys ta l lographic  
Experimentally, t h e  procedure i s  simple. The d i f f r a c t i o n  pa t te rn  
of a randomly or ien ted  (powder) sample i s  obtained. 
of Po(hk.1) defined by t h e  r e l a t ion  
Values a r e  calculated 
h k l  
where I (hk.1) i s  t h e  d i f f r a c t i o n  peak i n t e n s i t y  f o r  r e f l e c t i o n  from t h e  
(hk.1) plane. 
obtained us ing  a face  perpendicular t o  t h e  press ing  d i r ec t ion .  Values of 
P (hk.1) are calculated as before, and then t h e  r a t i o s  R(hk.1) = P (hk.l)/Po 
(hk.1) are ca lcu la ted .  These values of R are p lo t t ed  aga ins t  8 , t h e  angle 
between t h e  plane hk .1  and 00.1. 
Similarly,  t h e  d i f f r ac t ion  p a t t e r n  of t h e  forged body i s  
I n  t h e  case of a random (powder) sample, R has t h e  constant value 
of un i ty .  I n  t h e  case of 8 per fec t ly  oriented sample, R is  zero everywhere 
except a t  8 = 0 where it has some l a rge  f i n i t e  value. 
d i s t r i b u t i o n  of o r i en ta t ion  R will, i n  general, decrease monotonically from 
8 = 0 t o  8 = 90'. 
will be t h e  in t e rcep t  a t  
I n  t h e  case of a 
The b e t t e r  the alignment of t h e  c r y s t a l l i t e s ,  t h e  g rea t e r  
6 =  0 and t h e  s teeper  t h e  drop with increas ing  8 . 
The specimen had a marked b a s a l  t e x t u r e  as shown i n  Figure 24. 
This type of c rys ta l lographic  tex ture  has been reported previously f o r  
alumina forged a t  much higher temperatures,2a, lo and i s  s t rong  evidence of 
basal s l i p .  The o r i en ta t ion  of the ' c 1  axis p a r a l l e l  t o  t h e  forg ing  
d i r e c t i o n  has a l s o  been reported f o r  t h e  hcp metals i n  which t h e  b a s a l  s l i p  
system i s  t h e  most e a s i l y  activated.56 These r e s u l t s  i nd ica t e  t h a t  even a t  
1 4 5 0 O C  i n  f i n e  grained material ,  basa l  s l i p  provides a major cont r ibu t ion  t o  
-4 8- 
FORGED A 4 0 3  
I4 5 0 OC, 4 X I O-'SEC-' 
38% H.R. 
I -  
O. I I I b 
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A N G L E  FROM BASAL P L A N E ,  degrees  70-0292 
Figure 24 RATIO OF RELATIVE X-RAY INTENSITY FOR SPECIMEN JC-1474  
FORGED 38% SHOWING STRONG BASAL TEXTURE. 
-49- 
deformation. It should be  emphasized t h a t  t h i s  forging was done under 
conditions of r e l a t i v e l y  low temperature and s t r a i n  r a t e  wbere t h e  highly 
r a t e - s e n s i t i v e  deformation has previously been a t t r i b u t e d  t o  gra in  boundary 
sliding25 o r  d i f fus iona l  creep.29,30,44 
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IV. DISCUSSION 
The present r e s u l t s  provide subs tan t ia l  evidence t o  ind ica te  t h a t  
deformation i n  fine-grained A1203 occurs by GBS. 
flow parameters such a s  the  reduced rate s e n s i t i v i t y ,  ind ica te  a change i n  
behavior from d i f fus iona l  creep t o  a non-Newtonian process a t  very f i n e  
grain s i z e s .  Microscopic evidence, such a s  o f f s e t  and d i s to r t ed  t r i p l e  
junctions,  and wavy, d i s to r t ed  o r  i n d i s t i n c t  g ra in  boundaries provide s t rong  
indica t ion  t h a t  t h e  deformation i s  dominated by boundary s l id ing .  Further,  
there  a r e  ind ica t ions  t h a t  s l i p  plays a s ign i f i can t  p a r t  i n  t he  accommodation 
process. Final ly ,  some addi t iona l  questions, such as the  e f f e c t s  of atmos- 
phere and pu r i ty ,  have been ra i sed  for  which answers have not ye t  been found. 
The change i n  macroscopic 
The microscopic fea tures  observed, such as the  surface s teps  and 
sharply jogged boundaries seen i n  the mult iple  bend specimens, and the  occurrence 
of a s t rong  basa l  tex ture ,  i n  a forged sample, provide evidence t h a t  s l i p  
p a r t i c i p a t e s  i n  the  grain shape change process. The s t rong  crystal lographic  
t ex tu re  ind ica tes  not only t h a t  basa l  s l i p  occurs, but t h a t  it i s  the  preferred 
system; t h i s  i s  not surpr i s ing  i n  view of i t s  r e l a t i v e  ease of ac t iva t ion  i n  
sapphire i n  comparison with other s l i p  systems. The contr ibut ion of s l i p  i n  
t h i s  f ine-grained mater ia l  has previously been questioned because no obvious 
increase has been observed i n  the  dis locat ion dens i ty  a f t e r  s t ra in ing;  it i s  
now argued t h a t  t h i s  condition i s  not unexpected because of t he  r e l a t i v e  ease 
of ann ih i l a t ion  of d i s loca t ions  a t  the grain boundaries i n  these  fine-grained 
mater ia l s .  
The other  p r inc ipa l  reservat ion about t h e  occurrence of s l i p  i s  t h a t  
t h e  flow s t r e s s  of t h e  fine-grained mater ia ls  i s  l o w  compared t o  t h a t  f o r  
s l i p  i n  sapphire. I n  order t o  f a c i l i t a t e  such a comparison, f l exura l  flow 
s t r e s s  data  f o r  po lycrys ta l l ine  materials at two d i f f e r e n t  grain s i zes  a r e  
p lo t t ed  versus temperature i n  Figure 25, along with upper y ie ld  s t r e s s  
da ta  f o r  s l i p  i n  severa l  modes i n  sapphire; a l l  data a r e  t o  a t e n s i l e  s t r a i n  
r a t e  of 4 x 10-5 sec - l .  Data fo r  the t e n s i l e , 5 7  and the  c0mpressive5~ y ie ld  
s t r e s s e s  f o r  basa l  s l i p  i n  sapphire a re  shown; the  t e n s i l e  s t r e s s  f o r  a 
nominal 60' o r ien ta t ion  i s  used. The s c a t t e r  i n  t h e  compressive y ie ld  a t  
lower temperatures i s  due t o  concurrent twinning. I n  addi t ion,  t he  upper 
y ie ld  s t r e s s  f o r  compression of Oo sapphire which resu l ted  i n  s l i p  on what 
w a s  presumed t o  be the  rhomobohedra system,Sg i s  p lo t t ed  along with a point  
f o r  rhombohedral s l i p  i n  a whisker.io Although the re  i s  s t i l l  uncertainty 
as t o  t h e  possible  non-basal s l i p  systems i n  A120 , t he re  i 
evidence t h a t  s l i p  can occur on t h e  {iOl.2] [loll.. system. 
i s  the  upper y i e  
of 90' sapphire.$g Although t h i s  apparently requi res  only movement of 
basa l  dislocations,62 it can provide deformation when t h e  applied s t r e s s  i s  
near ly  p a r a l l e l  t o  t h e  basa l  plane. 
i creasing 
Also p lo t t ed  
s t r e s s  necessary t o  a c t i v a t e  basa l  kinking i n  compression 
It can be seen t h a t  t he  flow s t r e s s  f o r  t he  fine-grained polycrys ta l l ine  
ma te r i a l  i s  general ly  lower than the  basa l  y ie ld  s t r e s s  and more than an order 
of magnitude below t h a t  f o r  rhomobohedral s l i p .  
a s  t he  s t r a i n  r a t e  i s  increased, a t  a given temperature, t he re  i s  no ind ica t ion  
of a change of behavior as the  applied s t r e s s  increases  over t h a t  required 
for  b a s a l  y i e ld  i n  sapphire; t h i s  indicates  t h a t  t h e  contr ibut ion of s l i p  
remains approximately constant over the e n t i r e  range of s t r e s s e s  and s t r a i n  
r a t e s  invest igated.  The low flow s t resses  have been in te rpre ted  t o  suggest 
t h a t  s l i p  i n  t h e  fine-grained polycrystal l ine ma te r i a l  should not be s ign i f i can t ;  
It should be mentioned t h a t  
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such a conclusion cannot be accepted, however, without a grea te r  understanding 
of t he  f a c t o r s  cont ro l l ing  t h e  y i e ld  s t r e s s  i n  sapphire.  
s t r e s s  f o r  basal s l i p  i n  sapphire i s  apparently the  r e s u l t  of t he  d is loca t ion  
mul t ip l ica t ion  process.  However, it i s  not c e r t a i n  a t  t h e  present whether 
t h e  s t r e s s  l eve l s  measured a r e  those required t o  overcome the  Pe ie r l s  s t r e s s  
with the  a i d  of thermal ac t iva t ion ,  or  a r e  determined by a d is loca t ion  climb 
p r 0 c e s s . ~ 3  If  they a re  l imited by the  Pe ie r l s  b a r r i e r  then similar s t r e s ses  
would have t o  be developed i n  polycrys ta l l ine  mater ia ls  t o  a c t i v a t e  basa l  
s l i p .  I f ,  however, t he  basal s l i p ,  yield s t r e s s  i s  determined by the  s t r e s s  
necessary f o r  d i s loca t ion  mult ipl icat ion,  perhaps involving d is loca t ion  climb, 
then any f ea tu re  such a s  GBS, which could provide an e a s i e r  mul t ip l ica t ion  
mechanism would allow basa l  s l i p  at lower resolved s t r e s s e s  than i n  those 
measured i n  sapphire. This i s  not unreasonable s ince t h e  lack of c ros s - s l ip  
i n  al203 pres  ?:& requires  the  creat ion of Frank-Read sources by a process 
such as climb. 
The sharp y ie ld  
Two fea tures  of deformation by GBS have been i d e n t i f i e d  which may 
explain t h e  occurrence of s l i p  a t  these reduced s t r e s ses .  
was shown by transmission e lec t ron  microscopy, i n  previous t o  involve 
t h e  movement of d i s loca t ions  i n  the  boundaries. Recent evidence has been seen 
i n  metals t o  ind ica te  not only t h a t  s l i d ing  occurs by t h e  movement of d i s -  
loca t ions  i n  the  boundaries, but t h a t  t h  s 
of l a t t i c e  d is loca t ions  i n t o  the  grains.  hJE0 This observation, t h a t  s l i d i n g  
boundaries emit d i s loca t ions  i n t o  t h e  grains,  coupled with e a r l i e r  suggestion& 
and 0bse rva t ions ,~7  t h a t  the  absorption of d i s loca t ions  i n t o  a boundary can 
cause shear along the  boundary, can be combined; and it can be postulated t h a t  
t he  process of boundary s l i d i n g  and grain shape change by s l i p  are mutually 
cooperative, interdependent processes. This process would predominate a t  
f ine-gra in  s i zes  where t h e  boundaries are the  pr inc ip le  sources and s inks f o r  
d i s loca t ions  and no s ign i f i can t  build-up of d i s loca t ions  r e s u l t s  i n  t h e  grains .  
The b undary s l i d i n g  
ovement r e s u l t s  i n  the  emission 
A d i r e c t  comparison of applied s t r e s ses  with s ing le  c rys t a l ,  y ie ld  
s t r e s s e s  i s  made more d i f f i c u l t  by the  development of l a rge  stress concentrations 
i n  polycrys ta l l ine  bodies. 
s1i.p bands i n  adjacent grains  a r e  p i led  up a t  t h e  boundaries. 
s l i d i n g  occurs add i t iona l  stress concentrations occur a o in t s  of cons t ra in t  
which r e s t r i c t  s%$ing of otherwise relaxed boundaries ." Direct observation 
has been reported 
a resolved shear s t r e s s  an order of magnitude l e s s  than t h e  s ing le  c r y s t a l  
value f o r  t he  c r i t i c a l  shear stress. 
Such stress concentrations obviously occur where 
When boundary 
of s l i p  on a secondary system i n  polycrys ta l l ine  LiF a t  
It seems reasonable t o  assume t h a t  t h e  two f ac to r s  of boundary s l id ing -  
l a t t i c e  d i s loca t ion  interdependence and s t r e s s  concentration e f f e c t s  can 
account f o r  t he  occurrence of basa l  s l i p  even a t  stresses below t h e  y i e ld  
s t r e s s  seen i n  sapphire. 
o r  o ther  non-basal systems; it seems l i k e l y t h a t  some non-basal s l i p  must 
occur, p a r t i c u l a r l y  when necessary t o  provide relief a t  poin ts  of cons t ra in t  
t o  s l i d ing .  Some contr ibut ion t o  grain shape change by d i f fus iona l  creep 
cannot be ca tegor ica l ly  ruled out from t h e  evidence a t  hand. It i s  possible  
t h a t  t h e  addi t iona l  deformation, over t h a t  provided by b a s a l  s l i p  occurs as 
a r e s u l t  of a combination of non-basal s l i p  and d i f fus iona l  creep. 
These arguments are equal ly  appl icable  t o  rhombohedral 
Comparison of the  da ta  from t h e  present r e s u l t s  and previous inves t iga tors  25 , 29,30 
-53- 
reveals  a t rend  of reduced values of t h e  s t r a i n  r a t e  s e n s i t i v i t y ,  m, 
from near un i ty  a t  grain sizes i n  excess of 1 0 - 1 5 ~  down t o  about 0.6-0.7 
fo r  grain s i z e s  l e s s  than about 5 p; t he re  i s  a similar subs t an t i a l  reduction 
i n  the  ac t iva t ion  energy, 
These ind ica t e  a change i n  the  cont ro l l ing  deformation mechanism with 
reduced grain s i ze .  AH from 185 Kcal/mole a t  very coarse 
gra in  s i z e s  t o  about 100 Kcal/mole a t  lp i s  about t h a t  expected f o r  a change 
from cont ro l  by l a t t i c e  d i f fus ion  t o  grain boundary d i f fus ion .  
A H, w i t h  reduced gra in  s i z e  ( see  Figure 8 ) .  
The reduction i n  
The microstructural  and other  data ind ica t e  t h a t  t h i s  i s  not simply a 
t r a n s i t i o n  from l a t t i c e  t o  grain boundary control led d i f fus iona l  creep, 
however. For t h e  fine-grained material ,  deformation i s  otherwise indicated 
t o  be by GBS; t h e  l o w  value of 4 H  i s  consis tent  with t h i s  s ince the  
l imi t ing  fea tures  could be e i t h e r  movement of d i s loca t ions  along the  boundary 
o r  the  generation and absorption of l a t t i c e  d is loca t ions  a t  the  boundaries. 
It i s  perhaps possible  t h a t  grain shape accommodation by d i f fus iona l  creep 
i s  the  l imi t ing  feature;  a t  these  f ine  grain s i zes  boundary d i f fus ion  would 
probably be cont ro l l ing .  
I n  the  coarser-grained materials where m values near un i ty  were found, 
t h e  deformation appears t o  be controlled by diff 'us ional  creep. 
A H continues t o  increase i n  t h i s  region and t h a t  t he  s t r a i n  r a t e -  
s i z e  exponent appears t o  be i n  excess of 2 i n  the  range of 7 t o  3 4 p  9 may 
be evidence of a contr ibut ion of grain boundary d i f fus ion  t o  the  d i f fus iona l  
creep, or  it may be a r e s u l t  of some contr ibut ion of GBS. It i s  not obvious 
a t  t h i s  time whether t h e  s l i d i n g  necessary t o  accommodate d i f fus iona l  creep 
occurs by a diffusionalmechanism or by a boundary d is loca t ion  mechanism. 
The f a c t  t h a t  
Fain 
A t  very coarse grain s i zes  the s i t u a t i o n  i s  somewhat ambiuous. The 
data i n  Figure 8 a t  l o o p  were taken from Warshaw and Norton,30 where t h e  
deformation k ine t i c s  indicated a dis locat ion climb mechanism. 
shown i n  Figure 25, t h e  flow s t r e s ses  were only moderately i n  excess of those 
f o r  basal s l i p  i n  sapphire and were much l e s s  than predicted from d i f fus iona l  
creep r e l a t ions .  It i s  suggested t h a t  creep i n  these  specimens was control led 
by basa l  s l i p ,  but  t h a t  t he  extensive cracking which occurred w a s  a r e s u l t  
of f a i l u r e  of t h e  mater ia l  t o  s a t i s f y  t h e  von Mises c r i t e r i o n  becaus 
i n s u f f i c i e n t  non-basal s l i p .  There has a lso been evidence reported,  t o  
ind ica t e  t h a t  under some conditions diff 'us ional  creep may predominate even 
a t  gra in  s i z e s  of 100~. 
could occur depending on the  pa r t i cu la r  conditions of s t r e s s ,  temperature 
and perhaps specimen porosi ty .  
Although not 
6 Yf 
It seems possible t h a t  e i t k r  of these  conditions 
For materials previously forged a t  high temperatures, considerable 
evidence of basal s l i p  with r e l a t i v e l y  l i t t l e  cracking w a s  reported.  2,lO 
Most of t h e  specimens, however, were moderately f i n e  grained. It i s  l i k e l y  
t h a t  t h e  compressive cons t ra in t  may have inh ib i ted  cracking and resu l ted  i n  
greater ac t iva t ion  of non-basal s l i p  systems. 
temperature and r e l a t i v e l y  high s t r e s s  and s t r a i n  rates resu l ted  i n  deformation 
which was apparently dominated by s l ip ,  r a t h e r  than by d i f fus iona l  creep 
as would be suggested by the..above discussion. 
not  allow c l ea r  d i s t i n c t i o n  of whether or not a cont r ibu t ion  of d i f fus iona l  
creep occurred or whether or  not boundary s l i d i n g  was  important. 
It i s  thought t h a t  t h e  high 
The reported information does 
These 
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r e s u l t s  do serve t o  point out t h a t  the t r a n s i t i o n s  from one mechanism t o  
another w i l l  be influenced by temperature and s t r a i n  r a t e  as wel l  as by 
grain s i ze .  
A t  higher s t r a i n s  i n  the  fine-grained material, an apparent s t r a i n  
hardening occurred i n  some mater ia ls .  For these  specimens s u b s t a n t i a l  s t r a i n  
enhanced grain growth occurred and accounted f o r  most of t h e  increase i n  
flow stress. This seems reasonable f o r  a mechanism i n  which the re  i s  not a 
s i g n i f i c a n t  increase i n  the l a t t i c e  d is loca t ion  content during s t r a in ing .  
i s  possible  t h a t  as grain boundarZes become more d i s to r t ed ,  t he  ease of s l i d i n g  
may be effected somewhat r e s u l t i n g  i n  some increase i n  t he  flow s t r e s s ,  but 
t h e  data suggest t h i s  was not a large e f f e c t .  
in te rgranular  cracks and pores would r e s u l t  i n  an apparent weakening. 
question of why s t r a i n  induced grain growth occurred i n  only some specimens 
s t i l l  needs t o  be resolved, but may be simply a r e s u l t  of d i f fe rences  i n  the  
amount or d i s t r i b u t i o n  of MgO i n  the  specimens. 
It 
krentua l ly  t h e  development of 
The 
The present r e s u l t s  i nd ica t e  t h a t  t he re  i s  a considerable e f f e c t  of 
specimen pur i ty ,  or  t e s t  atmosphere,or perhaps both, on t h e  ease of deformation. 
A p u r i t y  e f f e c t  would not be surpr i s ing  s ince  grain boundary segregation of 
impuri t ies  would be expected t o  e f fec t  t he  ease of s l i d ing .  
atmosphere i s  r a t h e r  i n t e re s t ing ;  the considerable d i f fe rence  i n  s t r a i n  rate 
observed between previous work by Warshaw and N0r ton ,3~  and Coble and Guerard 
which were  done i n  vacuo and t h a t  of Folweile$g and Heuer, e t  a125 which were 
done I n  a i r  could be explained by an atmosphere effect. 
s u f f i c i e n t l y  unambiguous, however, t o  al low a conclusion on t h i s  po in t .  
An effect of tes t  
The data  are not 
Several  i n t e r e s t i n g  observations were made on the  process of crack form- 
a t ion ;  however, there is  as ye t  i n su f f i c i en t  information t o  allow i d e n t i f i c a t i o n  
of t he  mechanisms of crack i n i a t i o n  and growth. 
po in ts  as a r e s u l t  of grain boundary s l i d i n g  and it can be expected t h a t  any 
f a c t o r s  which alluwed more ext 
deformation would reduce t h i s . " ~ ~ 5  It can be expected t h a t  any r e s idua l  
gases i n  the hot pressed bodies would enhance t h e  formation and growth of 
in te rgranular  cracks and prevent t h e i r  c losure during annealing; t h i s  
considerat ion makes t h e  question of carbon content very important s ince  it i s  
expected t o  be present as CO. Most o f  the  a c t u a l  macroscopic cracks observed 
were thought t o  have or iginated a s  a r e s u l t  of inhomogeneities i n  t h e  mater ia ls ,  
such as pore nests ,  l a rge  gra in  patches, or even impurity s i t e s ;  e l iminat ion of 
these s t a r t i n g  defec ts  would obviously be bene f i c i a l .  
t h e  i n i t i a l  appearance and subsequent gruwth of these  cracks was more rapid 
a t  higher s t r a i n  rates and commensurately higher s t r e s s e s .  
Cavities developed a t  t r i p l e  
s ive  gra in  boundary migration or e a s i e r  grain 
The data indicated tha t  
Taken together  t h e  deformation and f r a c t u r e  r e s u l t s  from mechanical 
tests and the forgings indicated t h a t  forg ing  of fine-grained A1203 at  
moderate temperatures is  feasible. An adequate capaci ty  f o r  s t r a i n  seems t o  
e x i s t  i n  the  fine-grained material; success i n  understanding and preventing 
in te rgranular  separat ion seems t o  be t h e  eventual l i m i t i n g  fea ture .  
present ,  however, t he  el iminat ion of defec ts  i n  s t a r t i n g  mater ia l s  would 
provide an increased capaci ty  f o r  s t r a in .  The ind ica t ions  a re  t h a t  there  i s  
a g rea t e r  capacity f o r  s t r a i n  i n  compression, but  t h a t  even i n  t e n s i l e  modes 
u s e l l  forging i s  possible .  The mechanical t e s t  r e s u l t s  confirmed tha t  
adequate ana lys i s  and cont ro l  of the  s t r a i n  r a t e  during forging w i l l  be 
extremely important. 
A t  
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V. SUMMARY AND CONCLUSIONS 
An i nves t iga t ion  i n t o  t h e  deformation behavior and f r a c t u r e  of f ine -  
grained Ai203 was performed i n  order t o  provide both mechanistic under- 
s tanding  and use fu l  data for appl ica t ion  t o  the  forg ing  of ceramic oxides 
and of A120 i n  p a r t i c u l a r .  This system was se l ec t ed  f o r  study i n  p a r t ,  on 
oxide ceramics. 
t e s t i n g  of fine-grained A120 . 
deformation t o  l a rge  accumulated s t ra ins .  In  addition, a series of tes ts  
were done on IF and 1 5 ~  Al203, over t h e  range of 1250-1750Oc t o  f u r t h e r  
c l a r i f y  t h e  s t r e s s - s t r a i n  rate-grain s i z e  r e l a t i o n s .  This group of t e s t s  
confirmed t h a t  a t  very f i n e  grain s i zes  a t r a n s i t i o n  t o  a non-Xewtonian 
deformation mechanism occurs. Additional information on t h e  grain s i z e  
dependence could not be obtained because of an unexpected, and as yet 
unexplained, e f f e c t  of e i t h e r  t e s t  atmosphere or specimen pur i ty .  F ina l ly ,  
an inves t iga t ion  of t h e  e f f e c t s  of s t r a i n  r a t e  on f r a c t u r e  s t r e s s  w a s  i n i t i a t e d .  
t h e  basis o 2 an  extensive review o f t h e  l i t e r a t u r e  on t h e  deformation of 
performed on 2 p  A1203 a t  14 ? 5-145OoC t o  allow assessment of t h e  e f f e c t s  of 
The p r i n c i p a l  e f f o r t  f o r  t h i s  year has been on mechanical 
A s e r i e s  of multiple bend t e s t s  were 
I n  order t o  evaluate t h e  multiple bending experiments, whJch involved 
bending t o  an outer  f i b e r  s t r a i n  i n  excess of 5$, an ana lys i s  was  performed 
of t h e  e f f e c t s  of curvature and large def lec t ions  on t h e  four-point bend 
tes t .  The r e s u l t s  i nd ica t e  t h a t  a t  high def lec t ions  t h e  combined e f f e c t s  
of t h e  hor izonta l  load component a t  t h e  load supports, and t h e  f r i c t i o n  a t  
t h e  load supports have a subs t an t i a l  e f f e c t  on t h e  a c t u a l  bending moment; 
depending upon t h e  coe f f i c i en t  of f r i c t i o n  t h e  a c t u a l  applied bending moment 
can be e i t h e r  l a r g e r  or smaller than t h a t  ind ica ted  by t h e  simple ca l cu la t ion .  
Further,  these  e f f e c t s  are subs t an t i a l ly  changed upon r e v e r s a l  of t h e  
bending moment. 
A few forgings w e r e  done t o  complement t h e  mechanical t e s t i n g  and t o  
provide an ind ica t ion  of t h e  engineering problems t o  be an t i c ipa t ed .  Two 
upset forgings were done on 2 JI A1203 preforms a t  145OoC; t hese  were used 
for f u r t h e r  micros t ruc tura l  analysis.  
attempted a t  1500 and l625OC with 3,u Al2O3; 
but exhibited some cracking. 
s a t i s f y i n g  seve ra l  of t h e  engineering requirements such as s t r a i n  rate con t ro l  
and specimen lub r i ca t ion .  
Two deep drawn hemispheres were 
one of t hese  survived i n t a c t  
These forgings provided valuable experience i n  
Extensive microscopic examination w a s  conducted on t h e  mechanical 
t e s t  specimens and t h e  upset forged specimens. 
boundary s l i d i n g  such as o f f s e t  t r i p l e  po in ts ,  d i s t o r t e d  grain boundaries 
and t r i p l e  po in t  voids, w a s  seen i n  these  specimens. 
of s l i p  inc luding  sur face  s t eps  and t h e  development of a s t rong  b a s a l  t e x t u r e  
w a s  observed. F ina l ly ,  s t r a in  enhanced grain growth was found i n  some of 
t h e  multiple bend specimens. 
cracks i n  t h e  specimens tested here were genera l ly  formed a t  defec t ive  or 
inhomogeneous areas i n  t h e  specimens. 
Extensive evidence f o r  gra in  
I n  addition, evidence 
Observation ind ica ted  t h a t  t h e  l i m i t i n g  
On t h e  b a s i s  of t h e  r e s u l t s  and analysis presented here, t h e  following 
conclusions are warranted: 
1. A t r a n s i t i o n  i n  deformation mechanism occurs i n  A 4 1 0  a t  
grain sizes below 5p t o  a non-Newtonian, g ra in  boun a ary 
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s l i d i n g  mechanism which i s  thought t o  involve t h e  
movement of d i s loca t ions  i n  t h e  boundaries. 
2. There i s  subs t an t i a l  evidence t o  ind ica te  t h a t  t h e  
grain shape change process involves a s ign i f i can t  
contr ibut ion of basa l  s l i p .  The r e l a t i v e  contr ibut ions 
of non-basal s l l p  and d i f fus iona l  creep t o  the  accommodation 
process cannot yet  be establ ished.  
3.  LJnder conditions where grain growth occurred during 
tests, t h e  rate of growth was s i g n i f i c a n t l y  enhanced by 
concurrent s t r a i n  and resul ted i n  an appreciable increase 
i n  t h e  flow stress a t  constant s t r a i n  r a t e .  The 
differences i n  t es t  conditions o r  specimen chemistry which 
allow grain growth under some conditions and not i n  others 
have not been iden t i f i ed .  
4. A subs t an t i a l  e f f ec t  of e i t h e r  tes t  atmosphere, specimen 
p u r i t y  o r  both on t h e  deformation r a t e  was observed. 
A t  present it i s  not understood which of t h e  two possible  
causes was dominant; t h e  resu l t s  have s u f f i c i e n t  
consequences t o  subsequent forging work t o  j u s t i f y  f u r t h e r  
inves t iga t ion  of t h i s  area.  
5. I n  t h e  present work, microscopic cracks seemed t o  form a t  
defect ive areas such as pore nests ,  l a rge  grain patches, 
o r  high impurity si tes.  The growth of those cracks, t o  t h e  
point  a t  which unstable propagation resu l ted ,  occurred 
faster a t  higher s t r a i n  r a t e s  and the  commensurately higher 
stresses. I n  addi t ion t o  these l a r g e r  cracks, damage as 
a r e s u l t  of grab boundary cavi ta t ion  was a l s o  observed. 
There i s  su f f i c i en t  d u c t i l i t y  i n  very fine-grained ~ 1 2 0 3  
t o  allow subs tan t i a l  forging i n  both t h e  t e n s i l e  and 
compressive modes. Control of t h e  s t r a i n  rate i s  
extremely important f o r  th5.s mater ia l  and elimination of 
defec ts  i n  t h e  preforms would allow greater s t r a i n s  before 
cracking becomes ser ious.  
6 .  
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TI. APPENDIX 
Analysis of F lexura l  T e s t  Data 
The non- l inea r i t i e s  i n  t h e  s t r e s s  d i s t r i b u t i o n  through t h e  cross- 
s ec t ion  which occur i n  t h e  p l a s t i c  bending of beams r e s u l t  i n  deviations of 
t h e  outer f i b e r  stress from t h a t  calculated from t h e  usua l  e l a s t i c  formula. 
The use of a more exact expression for t h e  determination of t h e  s t r e s s  
from t h e  measured bending moment curves i s ,  the re fo re ,  des i r ab le .  A u se fu l  
technique f o r  making t h i s  correction, which allows treatment of an a r b i t r a r y  
stress d i s t r i b u t i o n  i n  a p l a s t i c a l l y  bent beam, has been previously 
developed. 69 However, bending t o  l a r g e r  s t r a i n s ,  e spec ia l ly  i n  t h e  mul t ip le  
bending experiments, ind ica ted  tha t  t h e  poss ib le  influence of seve ra l  
add i t iona l  e f f e c t s ,  r e s u l t i n g  primarily from t h e  l a rge  de f l ec t ions ,  required 
f u r t h e r  consideration. A discussion of t h e  seve ra l  areas considered follows 
with emphasis on those which appear t o  be t h e  most i n f l u e n t i a l  on t h e  
present tests.  The poss ib le  deviations can be categorized i n t o  th ree  broad 
a reas  with s i g n i f i c a n t  e f f e c t s  coming from each under some circumstances. 
A. S t r e s s  D i s t r ibu t ion  i n  the  Beam 
A s  mentioned, a technique has been developed which allows t h e  
determination of t h e  outer  fiber s t r e s s  i n  p l a s t i c  bending. 
rpcpires t h a t  a series of constant rate tests be performed over a range 
of bending rates. The ou te r  f i b e r  stress i s  given by t h e  r e l a t i o n s :  
T h i s  techniqu69 
where M i s  t h e  bendSng moment; 
t h e  gage sec t ion ;  f , the  r a t e  of bending and b and h are the  specimen 
width and depth. The values nb and mb are determined graphica l ly  over a 
range of s t r a i n s  and s t r a i n  r a t e s .  This data i s  then used t o  generate a 
family of s t r e s s - s t r a i n  curves over a range of s t r a i n  rates. This has t h e  
advantage of allowing determination of t h e  s t r e s s  during the approach t o  
steady state and of accounting for s t r a i n  hardening effects.  The method 
allows t h e  cons idera t ion  of a r b i t r a r y  stress, s t r a i n ,  s t r a i n  r a t e  r e l a t i o n -  
sh ips  r a t h e r  than r equ i r ing  simplifying assumptions about t h e  s t r a i n  or 
s t r a i n  rate dependence. 
9 , t h e  included angle of bending i n  
The above expression does not take  i n t o  account t h e  e f f e c t s  of 
curvature of t h e  beam on t h e  s t r e s s  d i s t r i b u t i o n .  It i s  w e l l  known t h a t  
i n  highly curved beams a r a d i a l  stress develops and t h e  c i rcumferent ia l  stress 
becomes nonlinear. The e l a s t i c  solution t o  t h i s  i s  w e l l  known; t h i s  has 
a l s o  been t r e a t e d  fo r  p l a s t i c  yielding assuming t h e  maximum shear stress 
(Tresca) y i e ld  c r i t e r i o n . 7 0  The problem has not ,  however, been t r e a t e d  f o r  
a more general  y i e ld  condition which allows t h e  p o s s i b i l i t y  of a s t r a i n  
rate s e n s i t i v e  and/or s t r a i n  hardening flow stress. 
p l a s t i c  ana lys i s  ind ica ted  t h a t  t h e  e f f e c t s  are s t i l l  s m a l l  a t  t h e  curvatures 
found here ( i .e . ,  equivalent t o  an ou te r  f i b e r  s t r a i n  of 5 % ) ;  f o r  ins tance ,  
This s impl i f ied  
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a t  t h i s  curvature t he  moment a t  y ie ld ing  i s  97% of t h a t  ca lcu la ted  f o r  
a f l a t  bar ;  fu r the r ,  assuming t h e  Tresca y i e ld  condition t h e  f u l l y  
developed p l a s t i c  moment i s  the  same as f o r  a f l a t  bar .  7' A s  a result, 
it w a s  decided t h i s  e f f e c t  w a s  not s ign i f i can t  f o r  t h e  present work and no 
attempt was made t o  treat  it f o r  a more general  p l a s t i c  flow condition. 
I n  t h e  reverse bending experiments any r e s i d u a l  s t r e s s  re ta ined  i n  
t h e  bar f r o m t h e  previous run would influence t h e  apparent i n i t i a l  flow 
stress. 
d i s t r i b u t i o n  r e s u l t s  i n  t h e  b a r  which i s  t h e  d i f fe rence  between t h e  non- 
l i n e a r  stress d i s t r i b u t i o n  from bending and t h e  l i n e a r  e l a s t i c  s t r e s s  
d i s t r i b u t i o n  of un l0ad ing .7~  Upon reloading in t h e  opposite d i r ec t ion ,  t h e  
applied and r e s i d u a l  stresses are addi t ive  so t h e  t o t a l  stress will be 
higher than  t h e  applied stress. This f a c t o r  i s  not thought t o  be important 
i n  t h e  present 'tests because of t h e  rapid r e l axa t ion  which occurs i n  t h e  
specimens a f te r  t h e  t es t  before cool down and during t h e  hold t i m e  before 
t h e  subsequent reloading. Qualitative support f o r  t M s  w a s  obtained by 
t h e  f a c t  t h a t  i f  a tes t  were terminated by stopping the  cross-head, but 
not unloading, t h e  load would r e l ax  t o  a small f r a c t i o n  of i t s  i n i t i a l  
value wi th in  about 10 minutes. 
When a p l a s t i c a l l y  bent bar i s  unloaded, a r e s idua l  stress 
For some of t h e  specimens subjected t o  multiple bending a considerable 
amount of s t r a i n  enhanced gra in  growth occurred , resu l t ing  i n  a v a r i a t i o n  
i n  gra in  s i z e  through t h e  cross-section (see Figure 3). Since t h e  flow 
stress increases  r ap id ly  with gra in  s i ze ,  t h i s  produces an apparent s t r a i n  
hardening. The f a c t  t h a t  t h e  gra in  growth appears t o  be caused i n  p a r t  
by d i r e c t  thermal exposure and addi t iona l ly  as a r e s u l t  of s t r a i n  leads 
t o  e r r o r s  i n  t h e  use of equations ( A l )  and (a). 
i n  t h e  sample leads  t o  a change i n  t h e  stress d i s t r i b u t i o n  i n  the bar;  from 
an  a n a l y t i c a l  po in t  of v i e w ,  t h i s  i s  not e s s e n t i a l l y  d i f f e r e n t  than  o ther  
forms of s t r a i n  hardening and t h e  use of t h e  proper value of nb would account 
for it. 
w i l l  a l s o  r e f l e c t  t h e  time dependent gra in  growth; th5s does not cause a 
change i n  t h e  shape of t h e  stress d i s t r ibu t ion  curve and so t h e  nb used i n  
equation A 1  should be reduced t o  eliminate t h e  t i m e  dependent gra in  growth 
cont r ibu t ion  o r  else t h e  outer  f i b e r  stress w i l l  be over-estimated. A similar 
co r rec t ion  i s  required f o r  t h e  value of rat., determined experimentally s ince  
t h e  apparent s t r a i n  rate dependence,determined a t  a constant value of 
s t r a i n  w i l l  r e f l e c t  time dependent differences;  t h i s  w i l l  cause q t o  be 
lower, s ince  t h e  t i m e  dependent hardening w i l l  be greater a t  slower rates. 
A continuous separa t ion  of t h e  t i m e  dependent and s t r a i n  dependent gra in  
growth throughout a test  would be a t  best a d i f f i c u l t  task. The ne t  r e s u l t  
i s  t h a t  a derived s t r e s s - s t r a i n  curve would contain some d i r e c t  e r r o r  i n  t h e  
stress ca l cu la t ion  and would, i n  addition, i nd ica t e  hardening a s  a function 
of s t r a i n ,  whereas, it should i n  part  be considered as only a coincident 
function of t i m e .  
The gra in  s i z e  v a r i a t i o n  
D i f f i c u l t y  arises from t h e  f a c t  t h a t  t h e  nb determined experimentally 
B. Bending Moment Determination 
It has been shown t h a t  a t  large de f l ec t ions  seve ra l  of t h e  assumptions 
of simple beam theory break down and seve ra l  non-linear e f f e c t s  become 
s i g n i f i c a n t .  
bending of t h i n  b e a m ~ ; 7 ~ ~ 7 ~  
important i n  p l a s t i c  bending t o  t h e  l a rge  def lec t ions  used here ( i . e . ,  ou ter  
This problem has been r ecen t ly  t r e a t e d  f o r  four-point e l a s t i c  
severa l  f a c t o r s  were i d e n t i f i e d  which are a l s o  
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f i b e r  s t r a i n s  of ~ 5 % ) .  A t  l a rge  def lec t ions  t h e  ho r i zon ta l  load component, 
a t  t h e  support becomes s igni f icant  and s u b s t a n t i a l l y  inf luences t h e  applied 
bending moment. If t h e  load points a r e  not sharp kn i f e  edges, t h e  actual 
poin t  of tangency t o  t h e  supports will s h i f t  during t h e  t es t  causing a 
continuous change i n  t h e  moment arm and specimen length .  
For bending a f l a t  specimen the  bending moment i s  given by t h e  
expression: 
where P i s  t h e  t o t a l  applied load and a is  t h e  moment arm. 
de f l ec t ions  become s ign i f i can t ,  however, t h e  a f f e c t  of t h e  hor izonta l  
components on t h e  moment must be  considered. The hor izonta l  forces  a r e  
determined by t h e  s lope of t he  beam a t  t h e  support as w e l l  a s  t h e  f r i c t i o n  
a t  t h e  kn i f e  edge. For t h e  present case t h e  thickness  of t h e  beam must also 
be considered, s ince  it i s  s igni f icant  with respect  t o  the  t o t a l  def lec t ions :  
thi:: i s  i n  cont ras t  t o  t h e  e l a s t i c  case where l a rge  def lec t ions  are obteinea 
only i n  t h i n  beams. From t h e  force equilibrium equations t h e  expression for 
t h e  bending moment i n  t h e  gage sect ion i s  given by: 
When t h e  
(urx4IJ2 -4 ('44) 
where t h e  appl icable  geometry i s  defined i n  Figure p . 1  a n d p  i s  t h e  coef f ic ien t  
of f r i c t i o n  between t h e  load supports and t h e  specimen. 
purposes t h e  r a t i o  of t h e  bending moment t o  t h a t  calculated neglect ing 
curvature,  Ms, i s  given by: 
For comparative 
For t h e  case of unbending a bent bar t h e  appl icable  r e l a t i o n  i s :  
(US% d - 4 
Similar  r e l a t i o n s  a r e  a l s o  obtained t o  ind ica t e  t h e  e f f e c t  on t h e  bending 
moment i n  t h e  moment arm regions j for  t h e  cases of bending: 
60 - 
t 
PI2 I 
Unbend 
Figure A l .  Schematic of Curved Bend Bar Showing Relevant Geometry; 
Resolution of t he  forces a t  t h e  inner  and outer  supports 
i s  a l s o  shown. 
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and unbending : 
I n  order t o  use these  re la t ionships  f o r  p l a s t i c  bending, t h e  values of x, 
y, Iv2 must be determined experimentally s ince  they  w i l l  vary 
somewhat f o r  d i f f e r e n t  cons t i t u i t i ve  r e l a t i o n s .  n r t h e r ,  these r e s u l t s  
a re  considerably influenced by t h e  coe f f i c i en t  of f r i c t i o n ,  p. 
I n  order t o  ind ica t e  t h e  magnitude of t h e  e f f e c t ,  ca lcu la t ions  of t h e  
M/Ms r a t i o  were done f o r  two s i tua t ions  and a r e  presented i n  Table Al. The 
ca lcu la t ions  f o r  t h e  l a rge  specimen were done wi th  measurements from a 
bar s t r a ined  t o  4.2% on t h e  f i r s t  bend. The condition marked small bar i s  
more representa t ive  of t h e  values found i n  specimens after seve ra l  rebends 
t o  nominal values i n  excess of 5% i n  which some non-uniformity occurred 
because of some hardening i n  t h e  gage sec t ion  (see t e x t ) ;  t h i s  represents 
the  most extreme condition u t i l i z e d  i n  t h i s  work. The r a t i o  was  calculated 
f o r  the center  of t h e  gage sec t ion  and f o r  a point midway i n  t h e  moment arm f o r  
each sample. It should be noted t h a t  t h e  moment i n  t h e  gage sec t ion  i s  no 
longer constant under these  conditions; it w a s  shown, however, f o r  t h e  
e l a s t i c  case71,72 t h a t  t h e  var ia t ion  i n  the gage sec t ion  w a s  only a couple 
of percent and t h e  same condition should obta in  f o r  t h e  p l a s t i c  case.  
Inspection of equations (~5-~8) ind ica tes  t h a t  M/& approaches un i ty  f o r  
f l a t  ba r s .  
and 
Several  i n t e r e s t i n g  f ea tu res  can be seen from t h e  t a b l e .  The co- 
e f f i c i e n t  of f r i c t i o n  has a s t rong  influence on t h e  a c t u a l  moment a s  does 
t h e  d i r e c t i o n  of bending. Estimation of the f r i c t i o n  i s  d i f f i c u l t  and it 
i s  l i k e l y  t h a t  it f luc tua te s  during t h e  course of a t es t .  It can be seen 
t h a t  f o r p  i n  excess of 0.5, t h e  moinent i n  t h e  gage sec t ion  decreases 
r ap id ly  during bending and increased de f l ec t ion  i n  t h e  moment arms i s  
expected. 
f o r  which t h e r e  was reason t o  expect e f f e c t i v e  hardening of t h e  gage sec t ion .  
It seems q u i t e  un l ike ly  t h a t  t h e  f r i c t i o n  would be neg l ig ib l e .  Therefore, a 
b e s t  estimate of t h e  coe f f i c i en t  of f r i c t i o n  is probably i n  t h e  range of 
0.2 t o  0.5.  
i s  i n i t i a l l y  i n  excess of t ha t  predicted by t h e  simple ca lcu la t ion  and t h e  
moment a t  t h e  end of a run i s  less than  t h a t  predicted by t h e  simple theory.  
This e f f e c t  would then account a t  l e a s t  i n  p a r t  f o r  t h e  reduced i n i t i a l  
loads seen on rebending specimens (see Figure 1). 
This condition was not seen except i n  some bars a f t e r  many bends 
It i s  seen t h a t  a t  these f r i c t i o n  levels, t h e  moment i n  rebending 
The e f f e c t  of s h i f t i n g  of the poin t  of load contact was not included 
i n  t h e  above r e s u l t s .  
by 
The effect on t h e  a c t u a l  values of L and a are given 
L = L, - 2R1 s i n  1 
a = a, - R 1  s i n  yl - R2 s i n  9 2 
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where R 1  and R2 a r e  t h e  r a d i i  of curvature of t h e  ou te r  and i-nnsr kn i f e  edge loed 
supports. During bending, a becomes smaller thereby r a i s i n g  t h e  load and 
on unbending it i s  l a r g e r  thus reducing t h e  loads.  This e f f e c t  f u r t h e r  
accentuates t h e  d i f fe rences  i n  loads required t o  bend and unbend. 
l a r g e r  specimens R 1  and R2 were about ,008 inch so  t h a t  t h e  e f f e c t  was small; 
f o r  t h e  smaller bars  R1 and R2 were estimated t o  be about 0.015 inch s o  t h a t  
t h e  e f f e c t  was appreciable; t hese  r e s u l t s  are a l s o  shown i n  Table A l .  
For t h e  
A s  a r e s u l t  of t h e  seve ra l  necessary cor rec t ions  and t h e  unce r t a in t i e s  
about several f a c t o r s  such a s  t h e  coe f f i c i en t  of r r i c t i o n  and gra in  growth 
e f f e c t s ,  it was concluded t h a t  an attempt t o  quan t i t a t ive ly  reduce a l l  of 
t h e  mul t ip le  bend t e s t s  was not warranted. This conclusion found f u r t h e r  
support from t h e  obvious uncer ta in t ies  a f t e r  s eve ra l  bends caused by t h e  
non-uniform bending of t he  bars. It i s  seen t h a t  t h e  two bending moment 
cor rec t ions  account f o r  a considerable amount of t h e  load increase  which 
occurred wi th in  each cycle and f o r  the  reduced load required t o  rebend. 
This ana lys i s  does, however, ind ica te  t h a t  a t  t h e  midpoint of a t e s t  when 
t h e  bar was near ly  f l a t ,  t h e  simply calculated moment arm should be nea r ly  
co r rec t .  Therefore, f o r  these  specimens t h e  moment w a s  calculated us ing  
equation (a). 
r e l a t i o n  : 
The s t r e s s e s  were calculated using t h e  simple e l a s t i c  
because of uncer ta in ty  about t h e  appropriate values of nb and q t o  use.  
Since t h e  rate s e n s i t i v i t y  remained high, presumably 0.6-0.7, and t h e r e  
w a s  o f t en  some gra in  s i z e  gradient,  t h i s  stress value i s  not g rea t ly  i n  e r r o r .  
For t h e  change i n  r a t e  t e s t s ,  t h e  t o t a l  s t r a i n s  were held t o  less than 
3% f o r  most specimens i n  order t o  minimize t h e  contributions from hor izonta l  
loading e f f e c t s .  These t e s t s  were done with l a rge  bars so t h e  tangency 
s h i f t  was s m a l l .  Since most samples give no evidence of a r e a l  hardening 
a t  these  s t r a i n s ,  nb w a s  assumed zero f o r  ana lys i s  of these  data;  t h i s  
made t h e  da t a  reduction comparable t o  previous work25 with which they were 
being compared. The measured values of mb were used t o  ca l cu la t e  t h e  s t r e s s e s .  
C .  Determinational S t r a i n  and S t r a i n  Rate 
S t r a i n  i s  measured by t h e  use of probes running d i r e c t l y  t o  t h e  
specimen or t o  t h e  specimen and load block. 
an LVDT and recorded continuously. 
specimen with r e spec t to  t h e  inner  knife edges was measured. 
determined from t h e  r e l a t i o n :  
The de f l ec t ion  i s  measured w i t h  
For t h e  most p a r t ,  de f l ec t ion  of t h e  
S t r a i n  i s  then 
4 hD 
7 G =  4 hD /” l2 + 4hD 
where D i s  the  gage secti.on def lec t ion  and 1 i s  t h e  gage length.  
ana lys i s  ind ica ted  t h a t  t h e  bending moment remains near ly  constant i n  t h e  
gage s e c t i o n  so t h a t  t h i s  r e l a t i o n ,  which assumes only t h a t  pure bending 
occurs,  remains va l id  f o r  t h e  conditions of these  t e s t s .  
The previous 
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The s t r a i n  r a t e  i s  determined from t h e  def lect ior ,  IPISUS t i m e  CUTVPS . 
Inspection of these curves indicated t h a t  it usua l ly  r m h i n s  qu i t e  COil.,i  a n t  
during the  course of 3 t e s t .  
s t r a i n  rate var ia t ions  were seen t o  become more severe ir, successive te05ts. 
This  i s  thought t o  be, i n  part, a r e su l t  of hardening of t he  gage sec t ion  
which resu l ted  i n  increased def lect ion occurring i n  t h e  moment arms. 
addi t ion ,  va r i a t ion  i n  knife edge f r i c t i o n  probably causes some f luct i ia t ion 
3f t h e  Lt ra in  r a t e .  It can be seen i n  Table A 1  t h a t  a s  t h e  f r i c t i o n  
increases  t h e  moment i n  t h e  gage length i s  decreased fa.ster thsn i n  th:- noment 
arms s o  t h a t  increases  i n  knife  edge f r i c t i o n  would increase t h e  s t r a i n  
i n  the moment arms and reduce t h e  s t r a i n  r a t e  i n  t h e  gage sec t ion .  
I n  t h e  mult,iple bending expcriments t h e  
;n 
The s h i f t  i n  point  of tangency should cause a systematic increase i n  
s t r a i n  r a t e  during t h e  course of a t e s t  a s  a r e s u l t  of' reduction i n  the  
y a l u e  of a .  I n  t h e  mult iple  bend tests done wi th  the  small samples, where 
- th i s  effect was not negl ig ib le ,  the other  var ia t ions  o f t en  obscured t h i s  
e f f e c t ,  p a r t i c u l a r l y  i n  the  later cycles.  For t h e  la rge  samples, t h i s  effect  
was very s m a l l .  
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TABIE AI. 
EFFECT OF CURVATURE ON THE BENDING MOMENT 
Ratio of t h e  Corrected t o  Simple Bending Moments, M/M,. 
Effect  of Horizontal Loads. 
Coefficient a t  6 = 4.2$, $1 = 30' 
of Fr ic t ion  Condition Gage* Mom. Arm* 
Large Specimen 
-
p = o  Bend 1.179 
Unbend 1.451 
p = 0.3 Bend 0.893 
Unbend 1.166 
p = 0.5 Bend 0.713 
Unbend 1.017 
p = 1.0  Bend 0.231 
Unbend 0.722 
Sh i f t  of Point of Tangency 
Bend .982 
Unbend 1.018 
1.129 
1.1196 
1.053 
1.202 
1.013 
1.050 
0.939 
0.766 
,978 
1.022 
Small specimen 
at6235 +%, jb 1 = 40' 
Mom. Arm - mze 
1.579 1.514 
2 .oog 2 * 097 
1.110 1.264 
1.483 1.564 
0.841 1.203 
1.328 1.433 
-0.067 0.947 
0.712 0.886 
0.915 0.898 
1.083 1.104 
*Gage, .+ = 0; Moment Arm, % = L/2 - a/2. 
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